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ABSTRACT 
 Alcoholism has been linked to cognitive, behavioral, and emotional defects, and 
damage to the cerebellum has been associated with aspects of these impairments. 
However, little is known about the role of damage to specific cerebellar subregions in the 
deficits, nor about possible gender differences in alcoholism-related cerebellar 
abnormalities. In this study, volumetric analyses of specific cerebellar regions were 
performed in relation to the interactions of alcoholism, gender, and measures of drinking 
history. Structural brain scans of 44 alcoholics (23 men) and 39 nonalcoholic controls (18 
men) were obtained using T1 magnetic resonance imaging at 3T. Scans were manually 
labeled according to cerebellar features, using methodology developed at the Center for 
Morphometric Analyses, Massachusetts General Hospital, Boston. Each lobule was 
parcellated and mediolateral divisions were delineated. In addition to measuring total 
cerebellar gray and white matter, along with the anterior and posterior lobes, we also 
measured volumes for a priori regions of interest that have been shown to correspond to 
functions impaired in alcoholism: emotion, executive functions, working memory, motor 
abilities, and spatial abilities. Total cerebellar white matter volume was observed to be 
!! vii 
smaller in alcoholic than in nonalcoholic participants, but this difference was not 
observed for total gray matter volume. Moreover, the volumes of the cortical parcellation 
units we selected varied with drinking history, including negative associations between 
(a) years of heavy drinking, and (b) volumes of the anterior and flocculonodular lobes, 
and of the spinocerebellar region. The negative association between anterior volume and 
years of heavy drinking was driven primarily by alcoholic men. Additionally, we 
observed that white and gray cerebellar volumes for alcoholic women were significantly 
larger than for alcoholic men, but this pattern of gender differences was not significant 
for the control group. The identification of drinking-related abnormalities in cerebellar 
subregions builds upon prior findings in other regions of the brain, and lays a foundation 
that can be utilized to inform how cerebro-cerebellar networks are perturbed in this 
pathological condition. The results also provide estimates of how individual differences 
in drinking history can predict cerebellar volumes, and how the impact of drinking differs 
for men and women. 
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CHAPTER 1.  
BACKGROUND 
1.1 Introduction 
Alcoholism is a pervasive disease that causes substantial harm. It impacts not only 
the medical, psychological, and social well-being of those afflicted, but also the lives of 
other people with whom alcoholics (AL) interact. Further, through lost productivity, 
damaged property, and personal injury, it accounts for a greater than 1% estimated loss in 
total domestic economic production (Bouchery, Harwood, Sacks, Simon, & Brewer, 
2011). In fact, Nutt and colleagues (2010) identified alcohol as the most harmful drug 
overall, trumping both heroin and crack cocaine. However, once the risk factors and 
consequences of alcoholism have been fully identified, those afflicted could have access 
to more effective treatments, and perhaps this devastating condition ultimately can be 
prevented. 
Chronic exposure to alcohol has effects on multiple bodily systems, including the 
brain. As with any neuropsychiatric disorder, the relationship of brain measures to the 
pathological condition is of paramount importance for fully understanding the etiologies 
and consequences of alcoholism.  In Chapter 1 of this dissertation, we review background 
information regarding brain and behavioral abnormalities in alcoholism1, and the work 
that led up to and supported the main thrust of this dissertation, i.e., abnormalities in 
cerebellar volumes. Also in Chapter 1, we summarize two studies conducted in our !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1The background review includes relevant work from a chapter we wrote regarding three 
domains of alcoholism research: brain structure, brain function, and neuropsychological 
measures (Oscar-Berman et al., in press). 
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2 
laboratory that investigated alcoholism-related structural abnormalities in (1) the brain 
reward system, and (2) the thickness of the cerebral cortex. Additionally, we briefly 
describe two additional studies in which we investigated the relationship of brain 
measures (brain metabolites and prefrontal brain volumes) to neuropsychological 
performance in alcoholics. Together, these projects set the stage for the subsequent four 
chapters. Chapter 2 introduces the cerebellum as an important structure in association 
with alcoholism, and emphasizes the differential effects of alcoholism for men and 
women. Chapter 3 explores three critical aspects of the drinking histories of alcoholics: 
The duration of heavy drinking (DHD), the amount of alcohol consumed each day (“daily 
drinks” or DD), and length of sobriety (LOS). In this way, we are able to better describe 
some of the heterogeneity observed in alcoholism due to the volume and frequency of 
alcohol consumed. It also will allow us to quantify the effect that long-term abstinence 
has on brain morphometry. Chapter 4 focuses on measures of neuropsychological 
function, and the ways in which performance on neuropsychological tests may or may not 
reflect brain volumetric abnormalities. An examination of the relationship of how 
neuropsychological function relates to the volume of regions of the cerebellum utilized 
by those functions could provide insight about the degree to which volume and function 
are directly related. Further, if the structure-function relationships differ for AL and 
nonalcoholic controls (NA), other avenues of research could be suggested (e.g., regional 
brain functional differences between the groups). Chapter 5 contains a Discussion that 
integrates the findings and Limitations of the dissertation research on the cerebellum. 
Final sections of Chapter 5 summarize the Conclusions that can be drawn based upon our 
 !
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research, as well as Future Directions suggested by the findings. 
1.2 Neuropsychological Assessment Procedures 
This dissertation focuses on studies of residual brain and behavioral functions 
associated with long-term uncomplicated alcoholism as distinguished from special cases 
of alcohol-related brain disorders such as Korsakoff’s syndrome (Oscar-Berman, 2012), 
alcohol dementia (Brust, 2010; Vetreno, Hall, & Savage, 2011), and Marchiafava-
Bignami disease (M.-J. Kim, Kim, Yoo, Kim, & Jo, 2007).  
 This dissertation includes multiple studies for which participant recruitment and 
neuropsychological assessment were similar. For these studies, participants were right-
handed and recruited from the Boston area. Participation was solicited from newspaper 
and web-based advertisements and from Boston University Medical Center, Boston 
Veterans Affairs (VA) Healthcare System, and flyers posted in Boston area locations. 
The research was approved by the Institutional Review Boards of the participating 
institutions. Informed consent was obtained from each subject prior to 
neuropsychological testing and scanning. Participants were reimbursed for time and 
travel expenses. Neurobehavioral and psychiatric evaluations typically required from six 
to nine hours over two or more days. Participants had frequent breaks, and sessions were 
discontinued and rescheduled if a subject indicated fatigue. 
Participants underwent a medical history interview and vision testing, plus a 
series of questionnaires (e.g., handedness, alcohol and drug use) to ensure they met 
inclusion criteria. Participants performed a computer-assisted, shortened version of the 
Diagnostic Interview Schedule (DIS; (Robins, 2004)) that provides lifetime psychiatric 
 !
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diagnoses according to Diagnostic and Statistical Manual of Mental Disorders (DSM-IV; 
(American Psychiatric Association, 2000)) criteria. Participants were excluded from 
further participation if any source (DIS scores, hospital records, referrals, or personal 
interviews) indicated that English was not one of their first languages, or if they had one 
of the following: Corrected visual acuity worse than 20/50 in both eyes; Korsakoff’s 
syndrome; human immunodeficiency virus (HIV); cirrhosis, major head injury with loss 
of consciousness greater than 15 minutes unrelated to alcoholism; stroke; epilepsy or 
seizures unrelated to alcoholism; schizophrenia; HRSD score over 18; electroconvulsive 
therapy; history of drug use once per week or more within the past four years. 
Participants received a structured interview regarding their drinking patterns, 
including length of sobriety (LOS) and duration of heavy drinking (DHD), i.e., more than 
21 drinks per week (one drink: 355 ml beer, 148 ml wine, or 44 ml hard liquor). A 
Quantity Frequency Index (Cahalan, Cisin, & Crossley, 1969), which factors the amount, 
type, and frequency of alcohol usage, roughly corresponding to the number of daily 
drinks (DD) over the last six months (for the NA group), or over the six months 
preceding cessation of drinking (for the AL group), was calculated for each participant. 
The AL participants met DSM-IV criteria for alcohol abuse or dependence and drank 
heavily for at least five years in their lives, and had abstained from alcohol for at least 
four weeks prior to testing. 
In accordance with all of our laboratory’s research studies, the participants were 
given an extensive neuropsychological assessment battery that included tests of 
intelligence, memory, and affect. These tests included the Wechsler Adult Intelligence 
 !
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Scale, fourth edition (WAIS-IV; (Wechsler, 2008)), the Wechsler Memory Scale, Fourth 
Edition (WMS-IV; (Wechsler, 2009)) and the Advanced Clinical Solutions (ACS), along 
with the Delis-Kaplan Executive Function System (D-KEFS) from which the Trail 
Making Test versions A and B, category and letter fluency (also known as the FAS test) 
were derived (Delis, Kaplan, & Kramer, 2001). In addition, participants were 
administered the Hamilton Rating Scale for Depression (HRSD; (Hamilton, 1960)), the 
Profile of Mood States (POMS; (McNair, Lorr, & Droppleman, 1971)), and the Multiple 
Affect Adjective Check List (MAACL; (Zuckerman & Lubin, 1965)). 
1.3 Brain Structure in Alcoholism 
This section begins with a summary of work conducted in our laboratory that 
focuses on cerebral reward circuitry and the role that gender plays in relation to regional 
brain volumes and alcoholism. Next, we summarize results of our investigation of 
cortical thickness, and the ways in which the results of that study influenced the approach 
taken with cerebellar volumes, especially in regard to subgroup analysis, drinking history, 
and gender. 
First, we review brain structural abnormalities in alcoholics. While most of the 
published research on this topic has focused on the cerebrum, we highlight work that has 
investigated the cerebellum. Next, we summarize two studies conducted in our laboratory 
to examine the extent to which alcoholism was related to specific brain structural 
abnormalities, especially with respect to gender differences. In the first of these two 
studies, we measured the volumes of structures in the brain’s reward system. In the 
second study, we measured cortical thickness. The findings from both studies influenced 
 !
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our approach to examining the structural integrity of cerebellar volumes, particularly with 
respect to subgroup analysis, drinking history, and gender. In the last sections of Chapter 
1, we review projects in our laboratory that examined neuropsychological performance in 
relation to alcoholism, and the relationship of performance on these tasks to brain 
volumes. 
In a recent review of impaired, spared, and recovered neuropsychological 
processes and associated brain structural and functional abnormalities in alcoholism 
(Oscar-Berman, Valmas, Sawyer, Ruiz, Luhar, & Gravitz, in press), we described the 
widespread structural abnormalities that have been reported regarding brain regions of 
alcoholics. We concluded that frontocerebellar and mesocorticolimbic circuitries are 
considered to be most at risk. Structural damage to gray and white matter in the brains of 
alcoholics are measurable on macrostructural and microstructural levels. Relatively 
smaller volumes have been noted not only in total brain size including the cerebellum 
(Chanraud et al., 2007), but also in cerebral subdivisions and regional areas (Chen et al., 
2012; Fein, Shimotsu, Chu, & Barakos, 2009; Makris et al., 2008; Pfefferbaum, 
Rosenbloom, Deshmukh, & Sullivan, 2001a; Pfefferbaum et al., 1992) as well as in  
numerous subcortical structures (Chanraud et al., 2007; Makris et al., 2008). Smaller 
white matter volumes likewise have been reported (Chen et al., 2012; Harper, Smith, & 
Kril, 1990; Pfefferbaum et al., 2001a; Pfefferbaum et al., 1995), including the corpus 
callosum (Agartz, Momenan, Rawlings, Kerich, & Hommer, 1999; Pfefferbaum, Lim, 
Desmond, & Sullivan, 1996; Ruiz et al., 2013). Smaller brain volume is accompanied by 
larger cerebrospinal fluid volume (Agartz et al., 1999; Bendszus et al., 2001; Chen et al., 
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2012; Pfefferbaum et al., 2001a; Pfefferbaum et al., 1992; Pfefferbaum, Sullivan, 
Rosenbloom, Mathalon, & Lim, 1998), and researchers have reported larger volumes of 
the lateral ventricles ( Pfefferbaum et al., 2001a; Pfefferbaum et al., 1998; Ruiz et al., 
2013; Zipursky, Lim, & Pfefferbaum, 1989). It is important to emphasize that although 
abnormalities have been found in widespread brain regions of alcoholics, the brain 
networks that underlie the most impaired functions involve two distinct but overlapping 
systems: the frontocerebellar system and the mesocorticolimbic circuitry (Fuster, 2008; 
Goldstein & Volkow, 2011; Harris et al., 2008; Makris et al., 2008; Sullivan et al., 2003). 
Both of these extensive systems control functions that could prevent alcoholics from 
being able to employ good judgment and avoid the negative behaviors and actions 
associated with addiction. Our review indicated that longitudinal studies have provided 
clear evidence for recovery of both neuropsychological functioning and brain tissues. 
Further support for recovery of brain volumes with abstinence has come from cross-
sectional studies that have demonstrated positive associations between prolonged 
abstinence and larger volumes of cortical and subcortical gray matter, and cortical and 
callosal white matter. Finally, our review proposed that, over time, with abstinence from 
alcohol, the brain might become reorganized to provide compensation for structural and 
behavioral deficits. 
1.3.1 Reward Volumes 
Prior to our investigation of cerebellar morphometry, we performed an analysis of 
cerebral morphometry. This novel investigation served as a framework for the 
methodology upon which we could build the project to research cerebellar morphometry. 
 !
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Originally, we were interested in cerebral reward structures, in part due to the 
inconsistent findings and controversy involved in the identification of the effect of gender 
on alcoholism pathology regarding the extent of neuropsychological differences 
(Lancaster, 1995; Pfefferbaum & Sullivan, 2002). Findings comparing the effect of 
alcoholism for men and women have been mixed in terms of behavioral performance and 
ability, brain function, and neurological structure. In a review, Stavro and colleagues 
(2013) found a paucity of research conducted not just to determine the differences in 
neuropsychological effects, but in examining the effects of alcoholism on women at all. 
Using computerized tomography (CT) scans to measure atrophy, Jacobson (1986) 
reported that alcoholic women presented with greater ventricular enlargement and 
widening of cortical sulci than NA women, while Mann and colleagues (2005) were not 
able to identify large differences in the degree of brain atrophy for men and women, 
despite shorter drinking histories in the women. Using structural magnetic resonance 
imaging (MRI), Kroft and colleagues (1991) found that the average ventricular volume in 
alcoholic women was within the typical range found in MRI studies of nonalcoholic 
women of similar ages. In another approach, Pfefferbaum and colleagues (2001a) used an 
MRI method that sampled a block of tissue made up of a set of axial slices comprising 
approximately 25 percent of total brain volume. They found less brain shrinkage among 
alcoholic women than men. Using structural MRI, Hommer and colleagues (1996) 
measured the size of the corpus callosum in alcoholic men and women. The alcoholic 
women had smaller callosal areas than alcoholic men and nonalcoholic control women, 
but the difference between alcoholic men and nonalcoholic men was not large or 
 !
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consistent enough to obtain significant results. 
In other studies, Pfefferbaum and his group measured white matter brain 
microstructure in alcoholic women by using diffusion tensor imaging (DTI; (Pfefferbaum 
& Sullivan, 2002; Pfefferbaum, Rosenbloom, Rohlfing, & Sullivan, 2009)). They found 
that fractional anisotropy (FA) disparities revealed gender differences, with alcoholism-
related abnormalities being identified in the corpus callosum in men and in the centrum 
semiovale in women (Pfefferbaum & Sullivan, 2002). The researchers also reported that, 
when matched for alcohol exposure, alcoholic women showed more signs of white matter 
degradation than alcoholic men in several fiber bundles (Pfefferbaum et al., 2009), and 
that for alcoholic women, longer periods of abstinence from alcohol were associated with 
larger white matter volume (Pfefferbaum et al., 2001a; Pfefferbaum & Sullivan, 2002), 
suggesting that alcohol use by women causes disruption to white matter integrity that is 
not consistently detectable with grosser measures of white matter mass, and may antedate 
its appearance. Work performed in our laboratory (Harris et al., 2008; Ruiz et al., 2013) 
provided further evidence of white matter abnormalities for men and women. We found 
significant relationships between years of heavy drinking and cortically associated white 
matter volumes for women, and found relationships between years of heavy drinking and 
corpus callosum volumes for men. 
Emotional, memory, and motivational abnormalities in alcoholism are associated 
with changes in the mesocorticolimbic system (Oscar-Berman & Bowirrat, 2005), a 
complex multi-functional network responsive to positive and negative reinforcement. 
Positive reinforcement (reward) increases the probability of a subsequent response, and 
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drugs of abuse are at least as potent as natural reinforcers (e.g., food). For a review, see 
Koob and Volkow (2010). Circuitry involved in the development of reinforced behaviors 
is a central part of this network. Principal structures of the mesocorticolimbic reward 
circuit include amygdala, hippocampus, nucleus accumbens (part of the ventral striatum), 
and ventral diencephalon (including basal forebrain, ventral tegmentum, and 
hypothalamus), and cortical areas with modulating and oversight functions, such as 
dorsolateral prefrontal, orbitofrontal, temporal pole, subcallosal, and cingulate cortices, 
parahippocampal gyri, and the insula. We previously reported morphometric 
abnormalities in alcoholic men in these subcortical gray matter limbic and paralimbic 
regions, which mediate primary reward functions, together with associated cortical 
centers, which are important for executive functioning, emotional judgment and 
responses, decision making, and oversight (Makris et al 2008). Collectively, this 
cortical/subcortical circuit is referred to as the “extended reward and oversight system” or 
the “reward network.” However, in addition to reward functions, this system is associated 
with motivation and evaluation; approach and avoidance; impulsivity and inhibition; 
reward and punishment. 
To investigate these gender effects, we conducted a project to examine reward 
volumes in alcoholic and nonalcoholic men and women. The study included 60 abstinent 
long-term chronic alcoholic (30 men) and 60 nonalcoholic control (29 men) participants. 
Refer to Chapter 1.2 for details regarding neuropsychological assessment procedures, 
which were utilized here with some minor differences (we utilized the Wechsler Adult 
Intelligence Scale, version III (Wechsler, 1997a) and Wechsler Memory Scale, version III 
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(Wechsler, 1997b); and participants were excluded for history of drug use once per week 
or more within the past four years, except for one alcoholic woman who had not smoked 
marijuana within the past six months, and one alcoholic man who had not used cocaine 
within the past eight months). Alcoholic men and women did not differ significantly by 
DD, DHD, or LOS. 
We analyzed the MRI brain scans of these participants to test the hypothesis that 
there are gender differences with respect of the relationship of alcoholism to volumetric 
measures of the reward network. Our data indicated that the sum of the reward regions, in 
an analysis of covariance (ANCOVA) with estimated total intracranial volume (eTIV) 
and age covariates, was significantly related to the interaction of alcoholism group and 
gender (F (1, 114) = 6.2, p  < 0.05). AL men had a smaller total volume for the reward 
structures than NA men, a relationship that was not observed for the women. These 
results were striking because, for women, alcoholism was associated with larger volumes, 
indicating opposite effects of alcoholism for men and women. Thus, including men and 
women in the same analysis could mask the differential effects of alcoholism. This 
observation influenced our decision to focus on the effects of gender in relation to 
alcoholism and cerebellar morphometry. 
1.3.2 Cortical Thickness 
Another project we conducted in our laboratory having relevance for our 
subsequent examination of cerebellar morphometry involved measurements of the 
thickness of the cerebral cortex. While thickness of the cortex naturally varies across the 
entire cerebrum, average regional thickness has been linked to a number of pathological 
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conditions. There also is a reliable body of literature indicating that cortical thickness 
declines with age (Fjell et al., 2009; Leritz et al., 2011), and mounting evidence 
delineating the regions that are most significantly related to alcoholism (Fortier et al., 
2011). However, this literature has not been extended to distinguish how regional 
thickness varies between alcoholic men and alcoholic women. Recent evidence suggests 
there may be striking gender differences in the cortical manifestation of the disorder, as 
suggested by a study by Squeglia and colleagues (2012) that examined adolescent binge 
drinking. While they found thinner prefrontal cortex in AL men than NA men (as 
expected), AL women had thicker cortex than NA women. Because the participants in 
that study were young, the results may indicate that cortical thickness represents a 
differential pre-existing risk factor for men and women. However, many alcoholism 
studies have included insufficient numbers of participants to yield the statistical power 
necessary to identify gender effects, and therefore, have combined men and women in 
their analyses. This potentially could bear misleading conclusions by hiding effects of 
alcoholism where its impact on cortical thickness is opposite for men and women. 
Therefore, in the present study, we sought to investigate which regions of the cerebral 
cortex might be differentially associated with alcoholism in men and women. We further 
sought to characterize the relationship of DHD, DD, and LOS for men and women 
separately, and to identify regions for which there were significantly different 
relationships between drinking history and thickness. 
Participant characteristics and imaging procedures were the same as those 
described for the preceding section (1.3.1). Image analyses followed semi-automated 
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procedures we developed with the Center for Morphometric Analysis at MGH by 
utilizing a manual segmentation in conjunction with Freesurfer software (version 5.3, 
https://surfer.nmr.mgh.harvard.edu). This method includes a process whereby the white 
matter and exterior volumes of the cerebral cortex were manually segmented, and utilized 
in conjunction with surfaces generated to follow the boundary between white matter and 
grey matter, and the cortical surface. The surfaces generated were carefully examined to 
check for accuracy, but no manual edits were required beyond the white matter and 
exterior segmentations. The segmentations were carried out by research assistants with 
training in neuroanatomy, supervised by our neuroanatomist, Dr. Nikos Makris. 
Blindness of group assignment was maintained during analysis. 
Analyses of variance (ANOVAs) were performed to examine the relationships of 
cortical thickness to alcoholism and gender. The interaction was examined, followed by 
simple pairwise comparisons. AL participants were examined separately to determine the 
relationships of drinking history (DHD, DD, and LOS) to cortical thickness, and to 
examine the effect of gender in relation to these variables. The importance of age also 
was examined. All analyses used Monte Carlo simulation to correct for multiple 
comparisons, with cluster-wise and vertex-wise p-value thresholds of 0.05.  
Widespread significant interactions between gender and alcoholism groups were 
found for broad regions including lateral occipital and parietal regions on the left, and 
across the lateral surface of the right hemisphere. Alcoholism was associated with a 
greater disparity in thickness for men than for women. For the alcoholic women, cortical 
thickness was significantly negatively associated with DHD for a region across the right 
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frontal and temporal lobe, indicating that longer drinking histories were linked to thinner 
cortex. Ignoring gender, widespread regions of cortex were found to be related to DHD in 
both hemispheres. For alcoholic women, the left superior frontal cortex had a 
significantly negative association with DD. The same effect also was significant for all 
alcoholic participants when ignoring gender. 
Alcoholic men were observed to have a positive relationship with LOS; that is, 
men who were sober longer had thicker cortex. This relationship was significant for the 
left dorsolateral prefrontal cortex (DLPFC). When accounting for the effect of age, 
widespread regions across both hemispheres were significantly associated with LOS. 
These relationships were not observed with greater than 95% statistical confidence for 
women. Further, recovery was observed to be significantly greater for men than for 
women in several parts of the occipital lobe. When ignoring gender, widespread regions 
were still significant for the left hemisphere, and we identified regions across the 
temporal lobe in the right hemisphere. For global thickness, a significant interaction 
between gender and abstinence was not observed. While the relationship of abstinence to 
thickness could not be determined with a direct comparison, when we controlled for age, 
a significant relationship was observed. 
Age was observed to be significantly associated with widespread thinning of the 
cerebral cortex in AL and NA men and women alike. While interactions with alcoholism 
and gender were not observed, a clearly significant decline in global thickness was 
present. 
Results of the present study confirmed prior findings of decreased cortical 
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thickness in association with long-term chronic alcoholism (Fortier et al., 2011). These 
results provide evidence of a relationship between measures of alcoholism severity and 
regional cortical thickness abnormalities, and further demonstrate that drinking variables 
have different associations with cortical thickness in alcoholic men and women. For men 
and for women, differences in the amount of alcohol consumed daily was not found to be 
related to cortical thickness measures in the same pattern observed for DHD. This 
research suggests that gender is an important consideration when examining the 
relationship of alcoholism and cortical thickness. Further, investigation into the 
neurological and neuropsychological associations with alcoholism may yield a better 
understanding of the basic mechanisms of brain function. 
The profound distinctions we found indicate that gender cannot be ignored, and 
influenced our decision to pursue a project for the cerebellum to investigate the level of 
concomitant morphometric abnormalities.  
1.4 Brain Function in Alcoholism 
As Stavro and colleagues (2012) note, although historically alcoholism 
predominantly afflicted men, the recently the prevalence has increased for women such 
that they are at a similar rate (Cotto et al., 2010; Fox & Sinha, 2009; M. T. Schulte, Ramo, 
& Brown, 2009). Therefore, the assessment of the differential effects of alcoholism on 
men and women is timely and pivotal. Regarding brain function, Tapert and colleagues 
(2001) utilized fMRI and found decreased activity in parietal and frontal cortical regions, 
especially on the right, in alcohol dependent women during performance of a spatial 
working memory task. 
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In our recent review of impaired, spared and recovered neuropsychological 
processes and associated brain structural and functional abnormalities in alcoholism 
(Oscar-Berman et al., in press), we identified that alcoholics exhibit deficits in 
differentiating types of positive and negative emotional expressions that may involve 
broader impairments in emotional processing, as indicated by abnormal patterns of neural 
activity in frontolimbic brain regions. Research on the perception and decoding of 
emotional expressions has shown that alcoholics are impaired in perceiving emotions in 
facial expressions (Kornreich et al., 2001; 2002; Maurage et al., 2009; Maurage, 
Campanella, Philippot, Martin, & De Timary, 2008; Philippot et al., 1999) and in 
recognizing emotional prosody in speech - a non-linguistic aspect of language that 
conveys the speaker’s feelings and attitudes (Monnot, Lovallo, Nixon, & Ross, 2002; 
Monnot, Nixon, Lovallo, & Ross, 2001; Oscar-Berman, Hancock, Mildworf, Hutner, & 
Weber, 1990). Research has found that alcoholics responded abnormally to negative 
emotional stimuli (U. S. Clark, Oscar-Berman, Shagrin, & Pencina, 2007) and 
overestimated the intensity of negative facial expressions such as fear, sadness, anger, 
and threat (U. S. Clark et al., 2007; Fitzpatrick & Crowe, 2013; Kornreich et al., 2001; 
Maurage et al., 2009; Oscar-Berman et al., 1990; Townshend & Duka, 2003). A number 
of fMRI studies have shown alcoholism-related abnormalities in the prefrontal cortex and 
the limbic system, structures that are important in emotion and cognition. Our review also 
revealed that addition to atypical brain activation patterns in alcoholics, diminished 
volumes have been reported for brain structures associated with emotional and social 
functioning, such as orbitofrontal cortex, rostral anterior cingulate cortex, nucleus 
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accumbens, amygdala, hippocampus, and insula (Makris et al., 2008; Wobrock et al., 
2009). These regions, which are part of the “social brain” (Insel & Fernald, 2004) and 
neural circuitry underlying emotion and reward processing (T. Schulte, Müller-Oehring, 
Pfefferbaum, & Sullivan, 2010), are disproportionately affected in alcoholism (Makris et 
al., 2008; Moselhy, Georgiou, & Kahn, 2001; Oscar-Berman & Marinkovic, 2007). 
Despite persistence of emotional and psychosocial impairments (Foisy et al., 2007; 
Kornreich et al., 2001; 2002; Maurage et al., 2008), recovery of these functions has been 
reported in relation to relapse rates. Impairments in decoding of emotional facial 
expressions are related to interpersonal problems (Kornreich et al., 2002) and may 
contribute to relapse risk. Additionally, social-cognitive and emotional-processing factors 
may affect the recovery of alcoholic men and alcoholic women differently as gender 
differences in interpersonal problem solving skills have been reported (Nixon, Tivis, & 
Parsons, 1992). In summary, alcoholics have been shown to have dysfunctional social 
and emotional processing abilities that have been associated with structural and 
functional abnormalities in frontolimbic brain regions. Although those problems continue 
after abstinence, recovery of emotional and psychosocial functioning is central to positive 
treatment outcomes, relapse prevention, and maintenance of significant relationships. 
1.4.1 Brain Function During Memory Maintenance and Alcohol Cue Exposure 
 In this section, we summarize a project from our laboratory that utilized 
functional MRI to determine brain activity in AL and NA groups. This study yielded 
results indicating functional abnormalities in cerebellar activity regarding processing of 
alcohol cues during memory maintenance of emotional faces (Ruiz, 2012).  
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Alcohol cues elicit a broad network of brain structures, as determined by fMRI 
studies. They include structures involved in emotion, memory, and reward processing. 
For many of these structures in which activity may be elicited (amygdala, anterior 
cingulate, basal ganglia, cerebellum, DLPFC, fusiform, hippocampus, insula, 
orbitofrontal cortex, precuneus, and thalamus) the activity levels are abnormal for 
alcoholics (George et al., 2001; Heinz et al., 2007; Hommer, 1999; Myrick et al., 2004; 
Ray, Hanson, Hanson, & Bates, 2010a; Ray, Hanson, Hanson, Rahman, & Bates, 2010b; 
Tapert, Brown, Baratta, & Brown, 2004; Wrase et al., 2002). 
In order to investigate these our laboratory has been conducting several ongoing 
functional neuroimaging projects. For one project, we designed a delayed match-to-
sample paradigm for use in conjunction with fMRI to investigate brain function in 
abstinent alcoholic men and women (Ruiz, 2012). In the task, participants viewed two 
faces with emotional expressions, then viewed a distractor image, and then a single probe 
face. Participants were instructed to indicate whether the probe matched one of the 
stimuli face. Distractor images were alcoholic beverages, nonalcoholic beverages, or 
scrambled pictures.  
 Participants in this study included 42 abstinent long-term alcoholics (21 women) 
and 42 nonalcoholic controls (21 women), with comparable socioeconomic backgrounds, 
without significant differences in age, education, or IQ. Methods for recruitment, 
research approval, and informed consent were similar to the ones described in Chapter 
1.2. Neuropsychological, and medical history assessment was also similar.  
 Neuroimaging procedures consisted of engaging the task paradigm described 
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above in conjunction with fMRI scans. Each trial was 10 seconds in length, and was 
followed by a variable delay period (with a mean duration of 10 seconds, ranging from 2-
22 seconds) during which the subject engaged in fixation on a set of crosshairs (+++). 
The task was divided into nine runs, each of which contained 18 trials. In total, there 
were 54 trials for each distractor type (combined across face valences) and each face 
valence (combined across distractor types), for a total of 162 trials across the entire scan. 
The probe face matched one of the encoded faces on 50% of the trials, and 
match/mismatch trials appeared in a randomized order within each run. Responses were 
made by pressing one of two buttons with the index finger (match) or middle finger 
(mismatch) of the right hand. Echo planar functional MRI scans were collected axially 
with 5 mm slice thickness and 3.125 x 3.125 mm in-plane resolution (64 x 64 matrix), 
allowing for whole brain coverage (32 interleaved slices, time of repetition (TR) = 2 s, 
echo time (TE) = 30 ms, flip angle = 90°). Each run lasted 6 minutes, and included 180 
T2*-weighted volumes. Effects of Group, Gender, Distractor, and Emotion on the BOLD 
signal were evaluated using both a whole-brain cluster analysis as well as a region of 
interest (ROI) analysis. Processing of the functional data was performed using the 
FreeSurfer Functional Analysis Stream (FS-FAST). The BOLD response was estimated 
using a finite impulse response model, which allows for estimation of the time course of 
activity (percent signal change for a given condition) within a voxel, vertex, or ROI for 
the entire trial period. 
 Analysis of functional scans for BOLD signal for the AL group indicated higher 
activity for the alcohol beverage cues than the nonalcoholic beverage and scrambled cues 
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for reward-associated cortical regions including the orbitofrontal, dorsolateral and 
ventrolateral prefrontal cortex, and insula. This contrast highlighted significant activity in 
the cerebellum for alcoholics, but did not significantly identify the level of activity for 
controls (see Figure 1). Emotional face encoding also revealed significant activity in the 
cerebellum, along with the basal ganglia (spanning the caudate, putamen, and pallidum), 
thalamus, amygdala, hippocampus. The cerebellum had the strongest reward-specific 
processing, as supported by stronger BOLD signal responses in this region for alcoholics 
and controls, but especially women. In fact, NA women had significantly higher 
responses to both positive and neutral faces in the cerebellum than did AL women. This 
finding is substantiated by evidence for its role in reinforcement learning (Swain, Kerr, & 
Thompson, 2011; Thoma, Bellebaum, Koch, Schwarz, & Daum, 2008) and emotional 
processing (Fusar-Poli et al., 2009; Kilts, Egan, Gideon, Ely, & Hoffman, 2003; 
Schmahmann, 2010; Schutter & van Honk, 2009). 
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Figure 1. Cerebellar brain activity during alcoholic beverage cue processing, as compared to 
nonalcoholic beverage cue processing.  
Red and yellow indicate more activity for alcoholic beverage cues than nonalcoholic beverage cues, 
and blue indicates less activity for alcoholic beverage cues than nonalcoholic ones. A cluster 
correction threshold of 300 mm3 was applied with a minimum voxel-wise threshold of p < 0.001. Left 
is shown on the left. A. AL Women; B. AL Men; C. NA Women; D. NA Men. 
p < 10 -6
p < 10 -6
p < 10 -3
p < 10 -3
A B
DC
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1.4.2 Cerebellar Brain Function 
The idea that the cerebellum is involved in affect regulation and cognition can 
draw evidence from several sources, namely, from evolution, from human clinical cases 
involving damage to the cerebellum, and from functional neuroimaging studies. Each is 
briefly discussed in turn. 
Comparing the cell structure of the cerebellum across species provides insight 
into how it may have evolved over time. Assuming the cell structure of animals that are 
most similar to their ancestors have not changed over time, we can use fish and reptiles as 
proxies for our evolutionary ancestors. Taken as a proportion of the central nervous 
system, the cerebellum is much larger in these animals. The Purkinje cells of teleost fish 
are less widely branched than in humans. Also, the climbing fibers do not as precisely 
match the dendritic tree as they do in humans. It appears as though the balance between 
the mossy fiber input and the climbing fiber input developed along with increased 
cerebral volume and complexity (Huang & Ricklefs, 2013). Through the course of 
primate evolution, the posterior lobe expanded dramatically, especially the lateral 
portions of lobules VIIA, Crus I and Crus II. This provokes the question: what is special 
about those regions? 
 For over a century, the cerebellum has been implicated in motor functions. 
However, it has also been implicated in cognitive and affective functions, although to a 
much lesser degree, which has been mostly ignored by the academic community until 
relatively recently. One early researcher, Robert Heath, noted that some patients with 
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cerebellar lesions would become emotionally unstable (Heath, 1979; Heath, Franklin, 
Walker, & Keating, 1982), and investigated the relationship of cerebellar stimulation 
(Correa et al., 1980). Jeremy Schmahmann has focused much of his research on the 
cerebellum, and studied dozens of patients with cerebellar lesions (Schmahmann, 2010). 
He has divided the cerebellum into three general regions: the anterior lobe, described as 
primarily being involved in motor function; the posterior lobe, described as primarily 
cognitive; and the vermis, described as affective or limbic. One line of evidence he 
investigated comes from radiolabeled tract tracing and autoradiography (Schmahmann & 
Pandya, 2006). Working with Deepak Pandya, he identified several multimodal 
association areas that project to the basis pontis, suggesting a cognitive input 
(Schmahmann & Pandya, 1995; 1997; 2008). Bostan, Dum, & Strick (2013) found strong 
support in the literature for prefrontal and parietal connections to the cerebellum, further 
supporting its role in cognition.  
Human lesion cases can provide a convincing dissociation between motor 
function and cognition, if cases can be identified with purely cognitive deficits. Dr. 
Schmahmann has now identified several such cases, with lesions in the posterior and 
lateral lobes, or in the vermis. He has described the neuropsychological deficits as 
“cerebellar cognitive affective syndrome” (Schmahmann & Sherman, 1998). In 
attempting to explain why cerebellar lesions could result in motor ataxia and cognitive 
deficits, he sought to find common characteristics in the deficits of both. Ataxia may also 
be described as dysmetria of movement, so he created the term, “dysmetria of thought” to 
describe the planning deficits observed in his patients with cerebellar lesions 
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(Schmahmann, 1998; 2004). 
 Finally, evidence from functional magnetic resonance imaging (fMRI) also 
supports the idea that the cerebellum is involved in cognition. Tasks that use the same 
motor demands but involve cognitive or emotional tasks activate particular regions of the 
cerebellum. For example, language tasks tend to activate the right lateral anterior portion 
of the posterior lobe, and spatial tasks tend to lateralize to the left. The mirroring of the 
cerebrum is expected because the fibers decussate. Other functions that have been 
localized in the cerebellum by a meta-analysis written by Stoodley and Schmahmann 
(2009) include executive function and emotional processing (which they distinguish from 
personally affective processing). 
 Taken together, this evidence provides a convincing argument that the cerebellum 
does more than just coordinate motor function. It likely has a general function in 
providing feedback and teaching signals to all cerebral processing, perhaps by comparing 
sensory information with internal representations. Regardless, it certainly deserves closer 
investigation into how this structure (which has more neurons than the cerebrum) aids in 
neural computation. 
1.5 Brain Metabolite Levels 
Another avenue of investigation into brain function and health is to utilize 
magnetic resonance spectroscopy (MRS). With the same equipment as is utilized for MRI, 
we can obtain relative brain metabolite concentrations. Our laboratory has investigated 
how these neurochemical markers vary with alcoholism, gender, and neuropsychological 
performance. We present this literature as background information, and provide the 
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evidence we obtained that metabolite levels vary with neuropsychological performance 
and alcoholism, as evidence that the approach to include neuropsychological scores is 
instructive. Specifically, there is evidence for differences in metabolite levels in relation 
to gender and alcoholism. Schweinsburg and colleagues (2003) found that in frontal lobe 
gray matter, but not frontal lobe white matter, alcoholic women had a significantly 
greater deficit in concentrations of N-acetylaspartate (a marker for neuronal integrity) 
than alcoholic men. These MRS findings are consistent with the suggestion by Hommer 
and colleagues (2003) that gray matter damage distinguishes alcoholic women and men 
to a greater extent than white matter damage. 
Alterations in brain metabolites have been reported in current alcohol drinkers as 
well as in recently detoxified alcoholics. While short-term abstinence has been associated 
with the recovery of metabolite levels and some cognitive functions, little is known 
regarding these associations in abstinent alcoholics. Given that executive functions and 
memory are highly vulnerable to alcoholism, we sought to explore associations between 
metabolite levels, alcoholism severity, and neuropsychological performance, and to 
assess whether gender differences exist among abstinent alcoholics. Further, alcoholics 
have shown deficits in social cognition or conspecific social abilities that are represented 
in the brain (Kornreich et al., 2001; 2013). Specifically, our goal was to assess 
relationships between measures of neuropsychological performance and brain metabolite 
concentrations of glutamate and choline in the anterior cingulate region, a structure 
important in emotional and decision-making functions. 
The participants were 30 AL (15 men) and 29 NA age-matched comparison 
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subjects (15 men). Participant recruitment and neuropsychological assessment procedures 
were similar to those described in Chapter 1.2. Proton MRS was employed at 3T (TE = 
30 ms) to acquire metabolite data from a single voxel placed in the anterior cingulate 
region. Proton metabolites were quantified using LCModel (Provencher, 1993) and 
normalized to creatine levels. Neuropsychological performance on the domains of 
executive functioning, memory, processing speed, and affect were examined.  
The NA and AL groups differed on metabolite levels in relation to several 
neuropsychological measures. Within the AL group, higher levels of glutamate were 
associated with lower scores on executive functioning (including working memory) and 
processing speed tasks. Furthermore, higher glutamate and choline levels were associated 
with negative affect within the AL group. The groups did not differ on behavioral 
measures of the test of the ACS test battery. However, relationships between ACS Social 
Cognition scores and brain metabolite levels differed significantly between groups. 
Increased scores on five subtests (Social Perception, Social Perception Affect Naming, 
Social Perception Prosody, Social Perception Pairs, and Faces Spatial) were associated 
with higher glutamate levels in the NA group than in the AL group. The interaction of 
choline levels and groups also was significant for three of the same five Social Cognition 
measures (Social Perception, Affect Naming, and Prosody). 
These data suggest that brain metabolite levels in abstinent long-term alcoholics 
are negatively associated with performance on measures of social cognition. These data 
also provide preliminary evidence of a relationship between measures of alcoholism 
severity, neuropsychological performance, negative affect, and brain metabolite levels in 
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the anterior cingulate region. The differential connection between brain metabolite levels 
and measures of neuropsychological performance for AL and NA provide a basis for 
examining the role of neuropsychological measures to other measures of brain structure 
and function, including cerebellar volumes. 
1.6 The Relationship of Neuropsychological Performance to Brain Function 
and Structure 
A central aim of neuropsychological research is to identify the locus and extent of 
brain abnormalities and corresponding mental, physical, and behavioral sequelae. In turn, 
this knowledge informs clinical evaluation and treatment. In our recent review of 
impaired, spared, and recovered neuropsychological processes and associated brain 
abnormalities in alcoholism (Oscar-Berman et al., in press), we identified that 
uncomplicated alcoholism has been associated with functional brain abnormalities 
underlying cognitive, behavioral, and emotional processes. Although these abnormalities 
may not be evident through superficial observation, neuropsychological tests have been 
able to illuminate the impairments (U. S. Clark et al., 2007; Leber & Parsons, 1982; 
Rourke & Grant, 2009; Tivis, Beatty, Nixon, & Parsons, 1995).  
Similarly, functional neuroimaging techniques have revealed reliable differences 
between alcoholic and nonalcoholic control groups in brain activation patterns and 
structural integrity, with the most vulnerable networks having been identified as the 
frontocerebellar system and mesocorticolimbic circuitry (Agartz et al., 1999; Chanraud, 
Pitel, Müller-Oehring, Pfefferbaum, & Sullivan, 2013; Fama, Rosenbloom, Sassoon, 
Pfefferbaum, & Sullivan, 2012; Makris et al., 2008). However, relatively few studies 
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have demonstrated definitive and direct links between specific component 
neuropsychological impairments and measures of highly localized brain function 
abnormalities. Our review revealed that individuals with a history of long-term 
uncomplicated alcoholism do not appear to suffer from serious impairments in certain 
basic neuropsychological functions. Some researchers have suggested that the lack of 
detectable deficits in these seemingly spared domains could be due to compensatory 
recruitment of alternative brain regions to facilitate cognitive processes (Chanraud et al., 
2013; Oscar-Berman & Marinkovic, 2007; Sullivan & Pfefferbaum, 2005). In support of 
this notion, fMRI studies have demonstrated altered patterns of neural activation among 
alcoholics, with reduced activity in some regions (Chanraud, Pitel, Pfefferbaum, & 
Sullivan, 2011; Chanraud, Pitel, Rohlfing, Pfefferbaum, & Sullivan, 2010), but 
simultaneous increases in activity in others (Chanraud et al., 2013; Chanraud-Guillermo 
et al., 2009; Desmond et al., 2003; Pfefferbaum et al., 2001b). As such, it can be difficult 
to distinguish between functions that have been truly spared and those that appear 
unimpaired due to compensatory mechanisms or other recovery of function. Our review 
indicated that processes proposed to account for recovery of cognitive functioning in 
alcoholism include neural repair (regeneration) and reorganization, such that new or 
additional neural networks are recruited to accomplish a task (Chanraud et al., 2013; 
Crews et al., 2005; Sullivan & Pfefferbaum, 2005). 
Impulsivity and executive dysfunction are among the abnormalities associated 
with disruption of frontal brain circuitry in alcoholism. We examined the interactions 
among impulsivity, executive functioning, and frontal cortical volumes in 44 abstinent 
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alcoholics (22 men) and 42 nonalcoholic controls (20 men), using recruitment and 
neuropsychological methods similar to those described in Chapter 1.2. Impulsivity was 
measured with the Barratt Impulsivity Scale and with Dickman Functional and 
Dysfunctional Impulsivity scores. Measures of executive functioning included the 
number of omissions demonstrated on the WAIS-IV Cancellation subtest, the WAIS-IV 
Letter-Number Sequencing subtest, and the Trails B scores from the D-KEFS. 
Multi-echo MP-RAGE structural MRI scans were collected and analyzed using the 
FreeSurfer automated parcellation algorithm to determine frontal volumes. Among NA, 
but not among AL, higher executive function scores were associated with lower 
impulsivity. In both groups, higher impulsivity was associated with smaller frontal lobe 
volumes, although in different subregions of frontal cortex. Smaller frontal volumes were 
associated with lower executive functioning scores among alcoholics, with this effect 
being observed more so in alcoholic women in lateral frontal regions and in alcoholic 
men in orbitofrontal regions. In the NA group, these effects were observed only in the 
women. Alcoholics had smaller lateral frontal lobe volumes than non-alcoholics, with the 
effect being significant primarily among men. This study demonstrated associations 
among impulsivity, executive functioning, and frontal lobe volumes in alcoholics and 
nonalcoholics, and that these effects differed by gender. These findings further bolster the 
framework that includes gender as an important characteristic to include when examining 
neuropsychological measures, which we took into account with regard to our project on 
cerebellar morphometry. 
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CHAPTER 2.  
ALCOHOLISM GROUP AND GENDER DIFFERENCES 
2.1 Introduction  
As described in Chapter 1, research studies conducted on the associations of 
alcoholism with measures of brain structure and function have repeatedly demonstrated 
the adverse effects of chronic alcohol use on the brain’s cerebral cortex, subcortical 
regions, and cerebellum, as well as the neuropsychological and neurophysiological 
abnormalities associated with damage to the affected brain structures (Oscar-Berman & 
Marinkovic, 2007). In this chapter, we focus on the cerebellum, and as a prelude to 
describing our research on cerebellar regional volumes, we review its structural 
organization.  
2.1.1 Cytoarchitectonic Organization of Cerebellar Structure 
The human cerebellum sits posterior to the pons and inferior to the occipital lobe. 
It is made up of cortex folded into highly regular small folia with primarily horizontal 
sulci. Thus, were it to be unfolded, it would be quite tall but not very wide. The 
cerebellum has minimal white matter (compared to the cerebrum), so that when viewed in 
sagittal section, its appearance has been described as the “arbor vitae” (Latin for “tree of 
life”), due to its thin strips of white matter and highly branched nature. The cerebellum is 
divided into three lobes: the anterior, posterior, and flocculonodular lobes. In humans, the 
posterior lobe is the largest, while the flocculonodular lobe is very small. The 
flocculonodular lobe is utilized for gait and balance, and thus is referred to as the 
vestibulocerebellum. Running vertically along the midline of the anterior and posterior 
 !
31 
lobes is a structure called the vermis; the cerebellum is not split into two separate lobes 
like the cerebrum. Because the cerebellum is so regular and consistent between 
individuals, each lobule has been identified and labeled according to a schema of Roman 
numerals I through X. In humans, lobule VII (in the posterior lobe) is so large it forms 
two lobules, which are referred to separately as Crus I and Crus II. While microscopically 
similar, each lobule receives input from different parts of the cerebrum. 
 The cerebellum receives two major sources of input: mossy fibers and climbing 
fibers. The mossy fibers arise from various regions, but the majority of the soma are in 
(and thus originate from) the reticular formation and ventral tegmentum of the pons. The 
climbing fibers arise from the inferior olive in the medulla. The information flows 
generally unidirectionally through the cerebellum, and the cell bodies which send 
outward fibers lie in the deep cerebellar nuclei, of which there are four: the fastigial 
nuclei, the globose and emboliform nuclei (together called the interposed nuclei), and the 
dentate nuclei (listed from the medial to the lateral).  
The mossy fiber axons junction in the cerebellar cortex on the granule cells, but 
also branch within the cerebellar white matter to send corollary fibers to the deep 
cerebellar nuclei. The granule cells are some of the most abundant and smallest cells in 
the central nervous system, estimated at over 100 million. They also receive input from 
Golgi cell interneurons. These granule cells then project their axons as parallel fibers, 
which split upon reaching the surface layer of the cerebellar cortex to go medial and 
lateral (i.e. left and right, not up and down). Each parallel fiber axon forms synapses with 
many Purkinje cells, which have an extremely highly branched dendritic tree flattened in 
 !
32 
the sagittal plane (perpendicular to the parallel fibers). The Purkinje cells then project to 
the deep cerebellar nuclei. In contrast, climbing fibers project directly to the Purkinje 
cells, and send a corollary projection to the deep cerebellar nuclei. Each climbing fiber 
neuron has its axon interwoven very closely with a single Purkinje cell, so that when it 
fires, the Purkinje cell will also fire repeatedly in what is referred to as a complex spike 
(Davie, Clark, & Häusser, 2008; Swain et al., 2011). 
 The cerebellum is anatomically connected to many areas of the cerebral cortex. 
The majority of the white matter volume descending from cortex in the internal capsule is 
comprised of corticopontine fibers, which carry information from many areas of the 
cortex to the basis pontis. From there, mossy fibers carry the information through the 
cerebellum where it is processed and sent to the deep cerebellar nuclei from Purkinje 
cells. From the deep cerebellar nuclei, neurons project back to cerebral cortex (via the 
thalamus). 
Of note, the cerebellar cortex can be divided into functional zones, long strips in 
the same plane as the Purkinje cells (the sagittal plane). These can be further divided into 
micro zones consisting of just a few Purkinje cells. By utilizing both mediolateral 
divisions, and anterior-posterior divisions, researchers have identified broad somatotopic 
maps of the body, with a similar homunculus as is widely known for the primary 
somatosensory area and primary motor cortex, except with multiple representations 
(Adrian, 1943; Buckner, Krienen, Castellanos, Diaz, & Yeo, 2011; Nulsen, Black, & 
Drake, 1948; Rijntjes, Buechel, Kiebel, & Weiller, 1999; van der Zwaag et al., 2013).  
 !
33 
2.1.2 Cerebellar Abnormalities in Alcoholism 
The cerebellum is involved in many of the functions observed to be abnormal in 
association with chronic alcoholism. Historically, the cerebellum had been relegated 
simply to motor function, postural stability, and vestibular reflexes (DeLong & Strick, 
1974; Ito, 1982). Thus, it is intuitive that long-term alcohol abuse would impact the 
cerebellum, as acute intoxication results in severe postural imbalance (Volkow et al., 
1988), and Fein and Greenstein (2013) have detailed the effects of chronic alcoholism on 
gait and postural maintenance. However, the scope of ability for the cerebellum does not 
end at motor control -- in reality, it serves an essential role in cognition as well (Baillieux, 
Smet, Paquier, De Deyn, & Mariën, 2008; Desmond, 2010; Schmahmann & Pandya, 
1997; Stoodley & Schmahmann, 2009). Independently of alcoholism, cerebellar lesions 
result in a wide spectrum of cognitive, affective, and motor maladies, from motor 
dysmetria and ataxia (Holmes, 1939), to any number of the symptoms that comprise 
cerebellar cognitive affect syndrome (Schmahmann & Sherman, 1998). Indeed, the 
functions of the cerebellum are necessary for many of the functions that are important for 
everyday life: language (H. C. Leiner, Leiner, & Dow, 1993), affective regulation (De 
Smet, Paquier, Verhoeven, & Mariën, 2013), spatial abilities (Lee et al., 2005; Molinari, 
Petrosini, Misciagna, & Leggio, 2004), attention and impulsivity (Akshoomoff, 
Courchesne, & Townsend, 1997; Gottwald, Mihajlovic, Wilde, & Mehdorn, 2003), 
working memory (Ben-Yehudah, Guediche, & Fiez, 2007), and skill learning (Doyon, 
1997). Chronic alcohol abuse could affect any or all of such processes via cerebellar 
perturbation (Oscar-Berman & Marinkovic, 2007), or abnormalities could serve as risk 
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factors for the development of alcoholism.  
The cerebellum repeatedly has been shown to have volumetric reduction in 
alcoholics relative to nonalcoholics, although the methods and regional specificity of the 
analyses have varied. Most studies have examined and demonstrated reductions in total, 
white, and gray matter volumes relative to controls (Sullivan et al., 2000). However, 
others have focused on the medio-lateral segmentation (i.e., vermis vs. lateral 
hemisphere) and identified abnormalities in total vermal volume (S. C. Phillips, Harper, 
& Kril, 1987) and total cerebellar hemisphere reductions (Chanraud et al., 2007). 
Cavanagh and colleagues (1997) found reductions in vermal volumes using post-mortem 
histological assay, which supports the idea that the cerebellum is susceptible to ethanol-
related neurotoxicity, in part due to its proximity to the fourth ventricle and diffusion 
through the cistern of the cerebral veins. Additionally, to investigate the hypothesis that 
some portions of the vermis are more susceptible to the effects of alcohol than others, 
researchers have investigated vermal volumes by parcellating it into two or three 
subregions. Phillips and colleagues (1987) identified reductions in the anterior portion. 
The important limitation with these approaches to identifying volumetric reductions is 
that they are global (with only the parcellation of the cerebellum vermis being somewhat 
more specific). With these methods, spatially isolated but severe reductions would likely 
be missed in a statistical wash of unimpaired surrounding tissue.  
The present project addresses the issue of regional cerebellar involvement in 
alcoholism by taking a more fine grained and novel approach to delineating the 
volumetric abnormalities in the cerebellum. There are two major rationales for this 
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methodological approach to studying the morphology of the cerebellum.  
First, the cerebellum is somatotopically organized such that specific regions are 
associated with different functions and also connected to specific cerebral regions. On a 
global level, for example, the anterior lobe and lobule VIII are associated with motor 
functioning, whereas the lateral hemispheres (especially Crus I and II) are more 
commonly associated with various cognitive functions, and regions of the vermis have 
been found to be more involved in emotional processes (Stoodley & Schmahmann, 2010).  
Also, an investigation of cerebro-cerebellar cellular connections has provided 
evidence to support the role of the cerebellum in a wide variety of functions. For example, 
in non-human primates, Strick, Dum, & Fiez (2009) have shown that neurons project (via 
relay nuclei) from Brodmann's (1909) cortical area 9 to lobule VII of the cerebellum, and 
neurons from primary motor cortex project to lobules in the anterior cerebellar lobe. 
These data not only show evidence for a functional somatotopic organization of the 
cerebellum, but also provide an anatomical substrate for the role of the cerebellum in 
cognitive processes such as working memory. Additionally, examinations of the 
functional connectivity between regions measured with functional MRI data have 
demonstrated synchrony between the cerebellum and various cerebral regions (Krienen & 
Buckner, 2009). For example, the DLPFC, a prefrontal region utilized for multimodal 
cognition, was demonstrated to have activity correlated with Crus I, a finding confirmed 
by Dobromyslin and colleagues (2012). These data provide additional evidence that the 
cerebellum is involved in other non-motor processes and further support the existence of 
a functional topography within the cerebellum. Therefore, just as we recognize that it is 
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critical to carefully segment and parcellate the cerebrum (e.g., by subcortical structures 
and cortical gyri) in order to specify its role in alcoholism abnormalities, it is also 
imperative that we carefully parcellate the cerebellum in order to understand its possible 
role in alcoholism and alcoholism-related psychological deficits. 
The second rationale for examining specific and separate regions of the 
cerebellum is to identify which regions are of particular relevance in relation to 
alcoholism. More specifically, as is the case with the cerebrum, examining a particular 
affected region would yield a dramatically larger effect than averaging the entire brain 
when only that region is affected. For example, if one were to analyze total cerebellar 
volume, but the true volumetric differences only existed in the lateral hemispheres (Crus I 
and Crus II), this effect would be “diluted” by the unaffected regions. In the case of 
voxel-based morphometry, which provides a voxelwise analysis of volumetric 
abnormalities in comparison to an atlas, using larger regions than necessary reduces the 
likelihood of detecting differences due to the increased significance threshold required in 
order to correct for multiple comparisons. Additionally, there are problems with co-
registration, automatization, and interpretation of the results. To avoid these 
shortcomings in the analysis of the cerebellum in relation to alcoholism, we used a 
manual parcellation method developed by Makris and colleagues (2003) to parcellate the 
cerebellum into predefined units corresponding to lobules with medio-lateral boundaries. 
We then created functionally defined regions for emotion, working memory, spatial, and 
motor abilities, all of which are mental processes known to be deficient in association 
with alcoholism.  
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The regions we examined during analyses fell into three sets. First, we examined 
broad regions to replicate and extend findings from prior literature. This includes total 
cerebellum, total grey and white matter, along with total anterior, and total posterior lobe 
volumes. For the second set, we examined regions bounded mediolaterally by their 
histological cerebral connections: vestibulocerebellum (flocculonodular lobe), the 
spinocerebellum and the cerebrocerebellum. For the third and final set, we examined 
regions associated with the cerebellar functions related to motor, spatial, language, 
working memory, executive function, and emotion. 
For the third set, because alcoholism has previously been associated with 
impaired cognitive function in several domains (Stavro, Pelletier, & Potvin, 2013; Oscar-
Berman et al., in press), we investigated how the volumes of regions associated with 
those functions were associated with alcoholism. A meta analysis by Stoodley and 
Schmahmann (2009), indicated which regions are associated with these impaired 
cognitive function, results which were generally consistent with an fMRI study by 
Stoodley et al. (2010). Loci were superimposed on the Schmahmann atlas (2000) used in 
this study, adapted with a quantitative framework for cerebellar morphometric 
parcellation (Makris et al., 2005; Stoodley & Schmahmann, 2009). Based on these works, 
we created clusters of parcellation units and derived measures of volume for each of the 
regions. 
Crucially, this project examined how the pathology presents differently for men 
and women. While large gender differences in regional cerebellar volume have not been 
indicated (Fan et al., 2010), we speculate that the effects of alcoholism may differ 
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substantially for men and women. As indicated by the preceding chapter, an increasing 
body of evidence supports the idea that the structural and functional neural abnormalities 
associated with alcoholism differ for men and women (Devaud & Prendergast, 2009; 
Ruiz, 2012; Ruiz & Oscar-Berman, 2013). 
The objective of this project was to describe in detail how the elements of 
alcoholism are related to these regional volumetric abnormalities. Alcoholism is 
heterogeneous: satisfaction of the criteria for a diagnosis of alcoholism dependence does 
not clearly describe an individual’s drinking history. To that end, in the subsequent 
chapter we characterize the effects related to the duration of heavy drinking (in years), 
the number of drinks per day, and the length of sobriety. With this approach, we 
quantified the extent that volume changes in association with each year drinking, each 
daily drink, and examined the impact of each year of sobriety. 
To sum, our objective here is threefold. First, we utilize a fine-grained manual 
parcellation method to examine cerebellar subregions in a novel manner. More 
specifically, we used a-priori functionally defined volumes in order to examine the 
involvement of the cerebellum in regions associated with the cognitive deficits previously 
identified to be associated with alcoholism. Included in this analysis, we examined the 
replicability of findings from prior literature by examining large cerebellar regional 
volumes. Second, we quantitatively described the relationship between volumetric 
abnormalities and measures of drinking history including duration, quantity, and 
abstinence. Finally, we examined the interaction of gender with these relationships. 
 By using manually labeled regions, this research can provide quantitative 
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measures of volume decline in association with the elements of drinking history as 
described in Chapter 1.2, for each region of interest in the cerebellum. For these factors, 
previous research in our laboratory (Ruiz et al., 2013) has indicated declines in cerebral 
white matter on the order of a few percent per year of heavy drinking. It could be 
expected for the cerebellar abnormalities to be on the same order of magnitude. The same 
study identified some improvements with the length of abstinence, but this varied by 
gender. Likewise, a similar size of effect may be expected for relationships between these 
factors and cerebellar volumes, and these relationships may also interact with gender. 
Examination of global measures provides context for further delineation of 
subvolume morphometry. The parcellation units examined allow for more precise future 
examination of how the cortico-cerebellar network is perturbed in relation to alcoholism. 
The results derived from the functional regions measured serve to tie together 
psychological function with volumetric abnormalities, and the ways in which these 
relationships are disrupted in alcoholism. 
2.2 Methods 
2.2.1 Clinical Evaluation and Neuropsychological Assessment 
The study included 44 abstinent long-term chronic AL participants (21 women) 
and 39 NA participants (21 women). Chapter 1.2 describes participant recruitment and 
neuropsychological assessment, with some exceptions, as follows. Participants were 
excluded if any received electroconvulsive therapy (except for one AL woman who had 
two sessions at age 13 to treat complications of viral encephalitis) or history of drug use 
once per week or more within the past five years (except for two AL (one woman) with 
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occasional marijuana use more than five months before testing).  
A number of participants were taking medications for a variety of conditions, had 
used drugs at some point over five years prior to enrollment, or had a potentially 
confounding medical history. Therefore, in analyses of the results, a subgroup was 
created consisting of 48 participants without confounding factors, i.e. those who were not 
currently taking psychiatric medications and who reported never having used drugs more 
than once a week. Additionally, the subgroup was restricted to individuals for whom no 
source indicated: hepatitis; or any of the following disorders: recurrent major depressive, 
bipolar I or II, schizoaffective, schizophreniform, or generalized anxiety. 
As with the studies described in Chapter 1, the participants in the present study 
were given a structured interview regarding their drinking patterns, i.e., LOS, DHD, and 
DD over the last six months (for NA), or over the six months preceding cessation of 
drinking (for AL). For five AL, DD scores were lower than 3.0, so the last six months of 
heavy drinking was used instead, as a more accurate measure of the amount those 
individuals drank. Participants additionally received the Alcohol Use Disorders 
Identification Test (AUDIT) questionnaire. For the AL group, we modified the 
questionnaire to indicate the past tense, and asked participants to answer regarding the 
time they were drinking heavily. See Table 2 for participant characteristics regarding age, 
education, DHD, DD, LOS, and AUDIT scores, and Table 3 for those characteristics for 
the unconfounded subgroup. AL men had significantly higher DHD, DD, and shorter 
LOS than AL women. Therefore, we created a subgroup of AL men and women for 
which these values were more similar (see Table 4).  
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2.2.2 Scan Acquisition Protocol 
 MRI scans were obtained at Massachusetts General Hospital (MGH) on a 3 Tesla 
Siemens (Munich, Germany) MAGNETOM Trio Tim scanner with a 32 channel head 
coil. Image acquisitions included two T1 weighted multi-echo MP-RAGE series for 
volumetric analysis (one AL man had only one series) with these parameters: TR = 2530 
ms, TE = 1.79 ms, 3.71 ms, 5.63 ms, 7.55 ms (root mean square [RMS] average used), 
flip angle = 7 degrees, field of view = 256 mm, matrix = 256 x 256, slice thickness = 1 
mm with 50% distance factor, 176 interleaved sagittal slices, with GRAPPA acceleration 
factor of 2. The two RMS multi-echo MP-RAGE series were averaged, then the averaged 
series was re-sliced in a standard coronal three-dimensional brain coordinate system (D. 
N. Kennedy, Filipek, & Caviness, 1989).  
2.2.3 MRI Cerebellar Morphometric Analysis  
 We obtained regional cerebellar volumes by manually segmenting each coronal 
slice of the cerebellum with CardViews software (V. S. Caviness, Meyer, Makris, & 
Kennedy, 1996; Makris et al., 2005). The Center for Morphometric Analysis at MGH 
previously developed these procedures (Makris et al., 2005; 2003), which have 
subsequently been used to examine abnormalities associated with autism (Hodge et al., 
2010) and trichotillomania (Keuthen et al., 2007). As these publications describe, the 
cortex of the cerebellum was divided into 32 units within each hemisphere. With this 
method, Nikos Makris and colleagues have individually parcellated the cortex of lobules 
I through X, then subdivided lobules into vermal, medial, and lateral zones. The 
parcellation units are bounded by eleven subdivisions landmarked mediolaterally by 
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fissures (V. S. Caviness et al., 1996), intersected by two longitudinal sagittal borders and 
the longitudinal paravermian sulcus (Makris et al., 2005). Thus, the lateral zones of Crus 
I and Crus II of lobule VIIA were subdivided into medial and distal portions. We 
referenced the MRI Atlas of the Human Cerebellum (Schmahmann, Doyon, Petrides, & 
Evans, 2000) to identify these landmarks in the cardinal planes afforded by the 
CardViews software. The only volumes investigated which include white matter were the 
total cerebellum and the cerebellar white matter. 
 Segmentation and cortical parcellation were carried out by a research assistant 
with training in neuroanatomy, supervised by Nikos Makris, a neuroanatomist. Blindness 
of group assignment was maintained during analysis. High interrater and intrarater 
reliability of these methods have been established (Makris et al., 2005). Estimated total 
intracranial volume was obtained by using a scaling factor from the whole head to an 
atlas (Buckner et al., 2004), included in the FreeSurfer software package, version 5.3.0 
(https://surfer.nmr.mgh.harvard.edu). 
2.2.4 Statistical Analysis  
 We used JMP Pro software (version 11, SAS Institute, Inc., Cary, NC) for 
statistical analyses. Each outcome measure was examined for normality by examining 
normal probability plots, and no regions were significantly abnormally distributed 
(Shapiro-Wilk W’s all p > 0.05). Results were examined to ensure that each group did not 
significantly differ by variability using Levene’s test, and homoscedasticity and linearity 
of regression assumptions were confirmed by examining residual by predicted plots. 
Because age was used as a covariate in all analyses which included cerebellar volumes, 
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homogeneity-of-regression assumption violations were investigated by examining if the 
interactions of group and gender effects with age were significant.  
Our investigation was two tiered. First we investigated large regions, followed by 
the functionally defined subregions. For the large regions, we started with total cerebellar 
volume. Next, we examined total gray matter (cerebellar cortex) and total white matter, 
followed by an examination of anterior and posterior cerebellar cortical volumes. As 
indicated in the Introduction, previous literature has reported abnormalities in these 
volumes. Lastly, we examined the vestibulocerebellum, followed by the medio-laterally 
defined spinocerebellum and cerebrocerebellum.  
Next, because alcoholism has previously been associated with impaired cognitive 
function in several domains (Stavro et al., 2013), we sought to characterize how the 
regions associated with those functions were also associated with alcoholism. A meta 
analysis by Stoodley and Schmahmann (2010), along with an fMRI study by Stoodley et 
al. (2010), indicated which regions are associated with these impaired cognitive 
functions: motor, somatosensory (not widely regarded as impaired, but included for 
completeness), spatial, language, working memory, executive function, and emotion. 
Loci were superimposed on the Schmahmann atlas (2000) used in this study, which has 
been adapted with a quantitative framework for cerebellar morphometric. Based on these 
works, we were able to create clusters of parcellation units and derive measures of 
volume for each of these seven a priori ROIs (Figure 2 and Table 1).  
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Region of Interest 
(ROI) Parcellation Units Included 
Emotion 
L VI l, L VIIA_crusI l2, L VIIA_crusII m, R V m, R VI l, R VIIA_crusI 
l1, R VIIA_crusI m, R VIIA_crusII m 
Executive Function 
L VI l, L VIIA_crusI l1, L VIIA_crusI l2, L VIIA_crusI m, L VIIA_crusII 
m, L VIIB l, L VIIB m, L VIIIA l, R VI l, R VIIA_crusI l1, R VIIIA l 
Language 
L VI l, L VIIA_crusII m, R VIIA_crusI l1, R VIIA_crusI m, R 
VIIA_crusII m, R VIIA_crusI l2 
Motor 
R III m, R IV m, R IV v, R IX m, R V l, R V m, R VI m, R VI v, R VIIB 
l, R VIIIA l, R VIIIA m, R VIIIA v 
Spatial L VI l, L VI v, L VIIAf v, L VIIAt v, R V m 
Somatosensory L VI l, R IV m, R V l, R V m, R VI l, R VIIIA l, R VIIIB l 
Working Memory 
L VI l, L VI m, L VIIA_crusI l1, L VIIA_crusI l2, R VI l, R VI m, R 
VIIA_crusI l1, R VIIA_crusII l2, R VIIB l, R VIIIA m 
Table 1. Parcellation units that comprise each of the seven functional ROIs in this project.  
Regions were determined from a meta analysis conducted by Stoodley and Schmahmann (2009). The 
regions identified in the meta-analysis were superimposed on the Schmahmann (2000) atlas used in 
this study and adapted with a quantitative framework for cerebellar morphometric (Makris et al, 
2005; See Figure 1).  
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Figure 2. Parcellation units that comprise each of the seven functional ROIs in this project  
(see Table 1). 
The cortical surface of the cerebellum is displayed in flattened schematics (Makris et al., 2003).  
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Participant background (age, education, drinking history, and AUDIT scores) was 
characterized using confidence intervals of the mean differences using the Student’s t-
distribution (using Welch’s method for pooled standard error when sample sizes or 
variance between the groups were not sufficiently similar), examining differences of AL 
vs. NA, and among the four groups (split by gender and AL). Statistical analyses were 
performed with the goal of characterizing how large the relationship was for each region, 
and how these relationships differed for men and women. For each region examined, 
ANCOVA was used to delineate group and gender differences. A factorial model was 
constructed with factors of age, group, gender, and the interaction of group and gender. 
Partial r2 was calculated with the formula: SSterm / (SSterm + SSerror). Next, independent 
comparisons between the four subgroups were conducted to quantify the differences 
observed, with ANCOVA models using group or gender with the age covariate. 
Confidence intervals of the mean differences, expressed as a percentage of the grand 
mean, were emphasized in order to simultaneously communicate findings that were 
significantly nonzero along with an estimate of the potential differences for findings that 
could be negative or positive. Generally, the mean difference is reported for significant 
findings, and the confidence interval (CI) of the mean difference is reported for 
nonsignificant findings. 
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2.3 Results 
2.3.1 Subjects 
  Alcoholic Nonalcoholic Control 
  Women  (N = 21) 
Men 
(N = 23) 
Women  
(N = 21) 
Men 
(N = 18) 
  Mean SD Mean SD Mean SD Mean SD 
Age (years) 58.1 11.6 53.4 11.0 57.3 13.7 53.2 14.3 
Education (years) 15.0 1.9 14.3 2.0 15.2 2.7 15.2 2.0 
DHD (years) 13.5 5.3 19.9 10.4 0.0 0.0 0.0 0.0 
DD 7.3 4.9 11.3 6.3 0.2 0.3 0.1 0.2 
LOS (years) 14.3 12.8 2.6 3.0 N/A N/A N/A N/A 
AUDIT 25.8 6.3 28.1 6.4 1.6 2.1 2.2 2.6 
 NA - AL 
NA men -  
AL men 
NA women - 
AL women 
AL men -  
AL women 
NA men - 
NA women 
 (N = 83) (N = 41) (N = 42) (N = 44) (N = 39) 
 95% CI 95% CI 95% CI 95% CI 95% CI 
Age (years) [-5.9, 5.4] [-8.5, 8.1] [-8.7, 7.1] [-11.6, 2.2] [-13.2, 5.1] 
Education (years) [-0.4, 1.5] [-0.4, 2.2] [-1.2, 1.7] [-1.9, 0.5] [-1.5, 1.5] 
DHD (years) [-19.5, -14.1] [-24.3, -15.4] [-15.9, -11.1] [1.4, 11.4] [0, 0] 
DD [-11.0, -7.4] [-13.9, -8.5] [-9.3, -4.9] [0.6, 7.4] [-0.2, 0.1] 
LOS (years) N/A N/A N/A [-17.6, -5.7] N/A 
AUDIT [-27.2, -23.1] [-28.9, -23.0] [-27.2, -21.2] [-1.5, 6.2] [-1.0, 2.1] 
Table 2. Demographic characteristics for all participants.  
Mean and standard deviation (SD) are presented for AL and NA men and women separately. The 
95% confidence intervals of the mean differences are presented. DHD: Duration of Heavy Drinking 
(years); DD: an approximation of Daily Drinks; LOS: Length of Sobriety (years). No significant 
group by gender interactions were identified. Effects significant at p < 0.05 are in bold. 
Participant characteristics are detailed in Table 2. Participants’ ages ranged from 
26 to 81, with a mean age of 55 years, and mean ages did not differ between the groups 
by a substantial amount. Education ranged from 12 to 20 years, with a mean of 15 years, 
and also did not differ substantially between the groups. The alcoholic participants drank 
from 5 to 40 years (mean 17 years), and AL women drank about 6 years fewer than AL 
men, on average (95% CI: [1.4, 11.4]). Daily drinks ranged from 3 to 26 (mean 9), and 
AL women drank 4 fewer DD than men (95% CI: [0.6, 7.4]). All AL participants were 
 !
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sober at least 38 days and the longest duration of abstinence observed was 36 years 
(mean 8 years). AL women abstained 12 years more than AL men (95% CI: [-17.6, -5.7]). 
These gender differences in drinking history reflect national averages, thus all 
participants are included to maintain ecological validity. See Table 3 for characteristics of 
the unconfounded sample, and Table 4 for the characteristics of the matched subsample. 
AUDIT scores ranged from 13 to 40 for the AL group (mean 27), and AL men and AL 
women had similar scores (95% CI: [-1.5, 6.2]). For the NA group, AUDIT scores ranged 
from 0 to 5 (mean 1.8), except one NA woman with a score of 9 (who drank 
approximately 0.7 DD), and one NA man with a score of 10 (who drank about 1.0 DD). 
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  Alcoholic Nonalcoholic Control 
  Women  (N = 9) 
Men 
(N = 7) 
Women  
(N = 18) 
Men 
(N = 15) 
  Mean SD Mean SD Mean SD Mean SD 
Age (years) 62.8 9.8 59.4 9.9 57.6 13.5 50.5 13.7 
Education (years) 15.3 2.4 14.6 2.5 15.4 2.6 14.9 1.9 
DHD (years) 15.7 6.3 23.1 13.0 0.0 0.0 0.0 0.0 
DD 7.4 2.8 13.8 7.2 0.2 0.3 0.1 0.2 
LOS (years) 16.4 11.7 1.8 1.7 N/A N/A N/A N/A 
AUDIT 25.6 5.6 30.9 6.6 1.8 2.2 2.1 2.7 
 NA - AL 
NA men -  
AL men 
NA women - 
AL women 
AL men -  
AL women 
NA men - 
NA women 
 (N = 49) (N = 22) (N = 27 (N = 16) (N = 33) 
 95% CI 95% CI 95% CI 95% CI 95% CI 
Age (years) [-13.8, -0.1] [-19.9, 1.9] [-14.6, 4.3] [-14.0, 7.4] [-16.8, 2.6] 
Education (years) [-1.2, 1.7] [-2.0, 2.8] [-2.0, 2.2] [-3.4, 2.0] [-2.1, 1.1] 
DHD (years) [-24.3, -13.5] [-35.1, -11.0] [-20.5, -10.8] [-4.9, 19.7] [0, 0] 
DD [-13.2, -6.8] [-20.3, -7.0] [-9.3, -5.1] [-0.4, 13.1] [-0.3, 0.1] 
LOS (years) N/A N/A N/A [-23.6, -5.5] N/A 
AUDIT [-29.4, -22.4] [-34.9, -22.6] [-28.1, -19.4] [-1.5, 12.1] [-1.4, 2.1] 
Table 3. Demographic characteristics for unconfounded participants.  
Mean and standard deviation (SD) are presented for AL and NA men and women separately. The 
95% confidence intervals of the mean differences are presented. DHD: Duration of Heavy Drinking 
(years); DD: an approximation of Daily Drinks; LOS: Length of Sobriety (years). No significant 
group by gender interactions were identified. Effects significant at p < 0.05 are in bold. !  
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  Alcoholic Nonalcoholic Control 
  Women  (N = 12) 
Men 
(N = 12) 
Women  
(N = 12) 
Men 
(N = 12) 
  Mean SD Mean SD Mean SD Mean SD 
Age (years) 52.4 9.6 48.3 10.8 52.7 12.8 51.4 8.9 
Education (years) 14.5 2.1 13.6 1.7 14.2 2.2 14.4 1.2 
DHD (years) 14.7 5.1 12.9 5.8 0.0 0.0 0.0 0.0 
DD 8.4 6.0 10.3 4.7 0.3 0.4 0.1 0.2 
LOS (years) 4.6 4.6 3.2 3.2 N/A N/A N/A N/A 
AUDIT 25.7 8.1 27.2 6.4 2.2 2.6 2.3 2.9 
 NA - AL 
NA men -  
AL men 
NA women - 
AL women 
AL men -  
AL women 
NA men - 
NA women 
 (N = 48) (N = 24) (N = 24) (N = 24) (N = 24) 
 95% CI 95% CI 95% CI 95% CI 95% CI 
Age (years) [-4.4, 7.8] [-5.3, 11.5] [-9.3, 10.0] [-12.7, 4.6] [-10.7, 8.1] 
Education (years) [-0.8, 1.3] [-0.4, 2.1] [-2.1, 1.5] [-2.5, 0.7] [-1.2, 1.7] 
DHD (years) [-16.1, -11.5] [-16.6, -9.2] [-17.9, -11.5] [-6.3, 2.8] [0, 0] 
DD [-11.4, -6.9] [-13.1, -7.1] [-11.9, -4.3] [-2.7, 6.4] [-0.4, 0.1] 
LOS (years) N/A N/A N/A [-4.7, 2.1] N/A 
AUDIT [-27.4, -21.0] [-29.2, -20.6] [-28.8, -18.2] [-4.7, 7.7] [-2.2, 2.4] 
Table 4. Demographic characteristics for matched participants.  
Mean and standard deviation (SD) are presented for AL and NA men and women separately. The 
95% confidence intervals of the mean differences are presented. DHD: Duration of Heavy Drinking 
(years); DD: an approximation of Daily Drinks; LOS: Length of Sobriety (years). No significant 
group by gender interactions were identified. Effects significant at p < 0.05 are in bold. 
2.3.2 Alcoholism group and gender effects 
Overall, while deficits were observed for the AL group compared to the NA group 
across a variety of regions, the white matter was most clearly affected, with an average 
reduction of 6.1% (see Table 5). This effect was also significantly identified for AL men 
vs. NA men (8.7%) for the total sample, and additionally for the AL women vs. NA 
women in the unconfounded subsample (5.7%; see Table 6). The 95% CI of the mean 
difference for the matched subgroup contained the difference obtained by the total sample, 
indicating generally consistent results for comparisons examining the effect of group for 
all AL, men, and women (see Table 7). Large deficits were also observed for the spatial 
 !
51 
region, but high variability prevented obtaining statistical precision for this region (95% 
CI of the mean difference: [-13%, 3%]). 
We did not identify any additional regions with significant differences between 
the AL and NA groups for men and women separately. As a proportion of head size 
(eTIV), AL women had 7.7% larger cerebellar volumes than AL men, and a similar 
gender effect size was observed for NA group, though it did not reach statistical 
significance (95% CI: [-2%, 9%]). We did not identify any significant interaction effects, 
i.e. regions where we could be over 95% certain that the gender effect for alcoholics was 
larger than it was for controls. There were also no significant interactions for the 
unconfounded and matched subgroups. 
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2.4 Discussion 
Our results provide additional evidence that regional white matter volumes of the 
central nervous system are smaller in AL than NA. A substantially smaller volume, on 
the order of 5 or 10%, could indicate either a pre-existing risk factor for alcoholism, or a 
consequence of the disease. This effect was observed for the total sample, and was 
congruous with the results obtained for the unconfounded and matched subsamples, 
indicating a robust finding. We were not able to confidently identify regions of the 
cerebellum for which the difference between AL and NA was larger or smaller for men 
or women. However, we did identify a gender effect for the AL group in which, for 
women, many cerebellar regions were a larger proportion of the cranium than for men. 
This finding was in line with the results obtained for our NA group (although those did 
not reach statistical significance), while previous research has not indicated differences of 
this size (Fan et al., 2010). Thus, we were not able to provide evidence that alcoholism 
has a substantially different presentation in terms of cerebellar morphometry for AL men 
and AL women. However, our results do provide additional perspective on the question 
of how alcoholism is related to brain volumes. By examining the confidence intervals we 
obtained, we can put outer limits on the degree to which the average volume for 
alcoholics may differ from that of controls.  
For the group as a whole (ignoring gender), we can be confident in declaring that 
this average effect does not indicate abnormalities of over 5% smaller total cerebellar 
volume, nor over 2% larger total cerebellar volume. For the functional ROIs, this range 
was within 10% lower to about 5% higher, indicating we can be quite confident in saying 
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that alcoholism does not have the average effect of cerebellar atrophy by a tenth of total 
volume, nor do cerebellar functional ROIs appear more than 5% larger in the average 
alcoholic. If we were to assume causality, this would indicate that drinking heavily for an 
average of about 15 years, at about 10 drinks a day (as the participants in our sample have 
done) does not have an effect larger than a 10% reduction of cerebellar volume. 
Alternatively, there could be substantial recovery over the five or more years that the 
average alcoholic in our sample had abstained from drinking. 
Therefore, in order to more carefully pursue these questions, we examined how 
duration of heavy drinking, daily drinks, and length of sobriety are related to cerebellar 
morphometry. These relationships are described in the subsequent chapter. 
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CHAPTER 3.  
DRINKING HISTORY 
3.1 Introduction 
The body of literature describing the average differences between AL and NA for 
various dimensions of brain structure and function describes many abnormalities with 
regard to the structures of the central nervous system, as described in the preceding 
chapters. Chronic alcoholism may be a source of the deficits observed in 
neuropsychological function and abnormalities in cerebral structure (Oscar-Berman & 
Marinkovic, 2007), and of the cerebellar white matter deficits described in Chapter 2. 
The disease of alcoholism includes a wide spectrum of qualities that vary 
dramatically in severity. These factors can include clinical manifestations of the impact 
of the disease on an individual’s life at home or at work, but can also include an 
individual’s medical history. Crucially, the amount and extent to which individuals drink 
stretches across a broad spectrum. In our research, we set a minimum threshold of five 
years of heavy drinking, but some participants drank heavily for over 30 years. Similarly, 
the amount of daily alcohol consumption is not the same for everyone with this addiction. 
In order to isolate the chronic effects of alcoholism from the acute effects of intoxication, 
the participants in this study were all abstinent for at least one month. However, the 
average AL participant had over three years of sobriety. The possibility of recovery with 
abstinence is another factor that contributes to the heterogeneity of the disease. Therefore, 
we sought to characterize how these factors differentially influenced cerebellar 
morphometry for alcoholics. 
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This chapter details how each of these elements of alcoholism are related to the 
regions of the cerebellum that were investigated in Chapter 2. This approach will quantify 
the amount to which duration and amount of alcohol consumption are associated with 
cerebellar morphometry, and further examine the link between abstinence and recovery 
of cerebellar volume. To that end, DHD provides an indication of how chronic exposure 
over time affects cerebellar volumes, while analysis of DD yields information about the 
connection of drinking intensity to the regions investigated. Information relating to the 
progression of recovery can be obtained by examining LOS. We additionally examined 
the interactions of these factors with gender, because little is known about how men and 
women differ regarding the relationship of drinking history to brain structure. 
3.2 Methods 
 Refer to the Methods described in Chapters 1.2 and 2.2, which were the same 
except for the statistical procedures, as follows. Multiple regression analyses were 
conducted to assess the impact of drinking history. Measures of DHD, DD, and LOS 
were investigated for the AL group alone (i.e. no NA were included in those analyses). 
Age was included as a covariate in all analyses. Partial r2 was calculated with the 
formula: SSterm / (SSterm + SSerror). Interactions with gender were examined, followed by 
quantification of the effect for men and women separately. Similar to the emphasis of CI 
of the mean difference performed in Chapter 2, the CI of B (the slope), expressed as a 
percentage of the mean for each structure, was emphasized in this chapter. This way, the 
reader is provided with information specifying the potential degree of the relationships 
that are indicated by our results (especially in situations where it is not clear if the 
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relationship is positive or negative). Generally, the slope was reported for significant 
findings, and the 95% CI of the slope was reported for nonsignificant findings. 
3.3 Results 
3.3.1 Duration of Heavy Drinking 
 Widespread effects of years of drinking heavily were observed, with estimates 
centered at roughly 0.5 to 1.0% lower volumes per year (see Table 8). For all AL men 
and women taken together, significant associations with volume were observed for 
volumes of the total cerebellum (-0.3% / year), grey matter (-0.3% / year), anterior lobe (-
1.0% / year), vestibulocerebellum (-0.8% / year), spinocerebellum (-0.5% / year), and the 
motor ROI (-0.5% / year), with the strongest and most consistent findings observed for 
the anterior lobe, the vestibulocerebellum, and the spinocerebellum. The anterior lobe 
was involved in a complex relationship (F (1, 39) = 6.8, p < 0.05; see Figure 3), with a 
significant reduction of 1.4% / year identified for AL men, which was significantly 
different than the slope observed for AL women (95% CI of B: [-1.1, 2.4]% / year). No 
other significant group by gender interactions were observed, and no other relationships 
between DHD and volumes were significant for AL men alone nor AL women alone. 
 Similar results were obtained for the unconfounded subgroup, although the 
interaction for the anterior lobe was not significant (see Table 9). Interestingly, several 
additional relationships were identified: white matter (-0.4% / year), posterior lobe (-
0.4% / year), along with the somatosensory (-0.8% / year) and motor (-0.9% / year) ROI 
volumes. Further, a significant relationship of DHD with total cerebellum (-0.4% / year) 
was identified for the unconfounded AL men alone.  
 !
63 
For the matched subgroup (see Table 10), results were similar but muted, with 
only the motor ROI maintaining significance (although this analysis has lower statistical 
power due the smaller sample size).  
 
Figure 3. The relationship of duration of heavy drinking (years) to anterior lobe volume differs for 
men and women.  
Red circles indicate AL women, and blue triangles indicate AL men. The leverage plot (Sall, 1990) 
for duration of heavy drinking vs. anterior lobe volume, covaried for age, has been calculated 
separately for AL men and women, and overlaid. Regression lines and 95% confidence curves 
(dotted lines) are displayed. 
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Table 8A. Relationships of duration of heavy drinking (DHD) to cerebellar volume for all AL 
participants. 
The 95% Confidence interval of the slope (B) for volumes (as a proportion of eTIV) and partial r2 as 
a function of DHD are also presented for AL men and women separately. Age was included as a 
covariate for all analyses.  Effects significant at p < 0.05 are in bold. *DHD by gender interaction (p < 
0.05). !  
Region 95% CI Partial r2 95% CI Partial r2 95% CI Partial r2
Total cerebellum [-0.6, -0.0] 0.10 [-0.5, 0.3] 0.03 [-0.7, 0.7] 0.00
White matter [-0.7, 0.2] 0.02 [-0.7, 0.6] 0.00 [-1.6, 0.6] 0.05
Grey matter [-0.7, 0.0] 0.08 [-0.6, 0.3] 0.03 [-0.7, 0.9] 0.00
Anterior lobe [-1.8, -0.4] 0.18 [-2.3, -0.6] 0.37 [-1.1, 2.4] 0.03
Posterior lobe [-0.6, 0.2] 0.03 [-0.5, 0.5] 0.00 [-0.8, 0.9] 0.00
Vestibulocerebellum [-1.5, -0.2] 0.15 [-1.6, 0.2] 0.11 [-2.2, 0.9] 0.05
Cerebrocerebellum [-0.6, 0.1] 0.03 [-0.5, 0.4] 0.00 [-0.7, 1.1] 0.01
Spinocerebellum [-0.9, -0.1] 0.13 [-0.9, 0.2] 0.08 [-1.0, 0.9] 0.00
Motor [-0.9, 0.0] 0.08 [-0.8, 0.5] 0.01 [-2.0, 0.4] 0.09
Somatosensory [-1.0, 0.2] 0.04 [-1.0, 0.4] 0.05 [-1.7, 1.7] 0.00
Spatial [-1.3, 0.1] 0.06 [-1.8, 0.1] 0.15 [-1.5, 2.4] 0.01
Language [-0.9, 0.2] 0.05 [-1.0, 0.6] 0.01 [-0.7, 1.7] 0.04
Working memory [-0.5, 0.3] 0.01 [-0.6, 0.6] 0.00 [-0.7, 1.3] 0.02
Executive [-0.7, 0.2] 0.03 [-0.7, 0.6] 0.00 [-0.7, 1.1] 0.02
Emotion [-0.9, 0.2] 0.05 [-1.1, 0.5] 0.03 [-0.5, 1.8] 0.07
AL (N = 44) AL Men (N = 23) AL Women (N = 21)
 !
65 
 
Table 8B. Relationships of duration of heavy drinking (DHD) to cerebellar volume for unconfounded 
AL participants. 
The 95% Confidence interval of the slope (B) for volumes (as a proportion of eTIV) and partial r2 as 
a function of DHD are also presented for AL men and women separately. Age was included as a 
covariate for all analyses.  Effects significant at p < 0.05 are in bold. 
 
Table 8C. Relationships of duration of heavy drinking (DHD) to cerebellar volume for matched AL 
participants. 
The 95% Confidence interval of the slope (B) for volumes (as a proportion of eTIV) and partial r2 as 
a function of DHD are also presented for AL men and women separately. Age was included as a 
covariate for all analyses.  Effects significant at p < 0.05 are in bold. !  
Region 95% CI Partial r2 95% CI Partial r2 95% CI Partial r2
Total cerebellum [-0.8, -0.2] 0.54 [-0.9, 0.0] 0.64 [-0.8, 0.3] 0.15
White matter [-0.8, -0.0] 0.28 [-1.3, 0.2] 0.49 [-1.0, 1.2] 0.01
Grey matter [-0.9, -0.2] 0.44 [-1.1, 0.2] 0.45 [-1.0, 0.4] 0.16
Anterior lobe [-2.8, -0.6] 0.45 [-4.1, 0.1] 0.63 [-2.4, 2.4] 0.00
Posterior lobe [-0.8, 0.0] 0.24 [-1.0, 0.6] 0.12 [-1.0, 0.3] 0.22
Vestibulocerebellum [-1.4, -0.2] 0.36 [-1.6, 0.3] 0.47 [-2.8, 1.1] 0.16
Cerebrocerebellum [-0.7, 0.1] 0.15 [-1.0, 0.6] 0.10 [-0.9, 0.8] 0.01
Spinocerebellum [-1.3, -0.5] 0.60 [-1.3, -0.2] 0.80 [-1.8, 0.5] 0.24
Motor [-1.5, -0.4] 0.49 [-1.4, 0.2] 0.52 [-2.5, 0.2] 0.42
Somatosensory [-1.6, -0.1] 0.33 [-2.1, 0.7] 0.31 [-2.5, 1.0] 0.17
Spatial [-1.7, 0.0] 0.26 [-2.7, 0.8] 0.34 [-1.9, 1.3] 0.03
Language [-1.1, 0.3] 0.11 [-1.7, 1.3] 0.04 [-1.5, 1.1] 0.03
Working memory [-0.8, 0.3] 0.06 [-1.2, 0.9] 0.05 [-1.1, 0.9] 0.00
Executive [-0.9, 0.1] 0.18 [-1.3, 0.9] 0.07 [-1.1, 0.6] 0.07
Emotion [-1.1, 0.2] 0.17 [-1.7, 1.0] 0.14 [-1.3, 1.1] 0.01
AL (N = 16) AL Men (N = 7) AL Women (N = 9)
Region 95% CI Partial r2 95% CI Partial r2 95% CI Partial r2
Total cerebellum [-1.4, 0.2] 0.10 [-1.5, 0.2] 0.25 [-2.5, 0.6] 0.18
White matter [-1.6, 1.0] 0.01 [-1.1, 1.6] 0.02 [-3.8, 1.1] 0.15
Grey matter [-1.6, 0.3] 0.10 [-1.8, 0.1] 0.34 [-2.9, 1.1] 0.10
Anterior lobe [-2.8, 0.4] 0.10 [-3.0, 0.3] 0.28 [-4.9, 2.8] 0.04
Posterior lobe [-1.7, 0.5] 0.06 [-2.0, 0.3] 0.23 [-3.0, 1.3] 0.09
Vestibulocerebellum [-2.3, 1.2] 0.02 [-2.2, 2.3] 0.00 [-4.8, 2.1] 0.08
Cerebrocerebellum [-1.6, 0.4] 0.06 [-1.8, 0.2] 0.25 [-3.1, 1.4] 0.07
Spinocerebellum [-1.9, 0.2] 0.12 [-2.1, 0.1] 0.34 [-3.1, 1.1] 0.11
Motor [-2.4, -0.1] 0.19 [-2.6, -0.3] 0.46 [-4.1, 1.5] 0.11
Somatosensory [-2.1, 1.3] 0.01 [-2.0, 1.2] 0.03 [-4.9, 3.2] 0.02
Spatial [-2.2, 1.6] 0.00 [-2.8, 1.8] 0.03 [-4.7, 3.9] 0.01
Language [-1.5, 1.6] 0.00 [-2.0, 1.4] 0.01 [-2.8, 2.9] 0.00
Working memory [-1.6, 0.8] 0.02 [-1.9, 0.9] 0.07 [-3.0, 2.0] 0.02
Executive [-1.6, 1.0] 0.01 [-2.2, 0.9] 0.10 [-2.5, 2.1] 0.01
Emotion [-1.8, 1.4] 0.00 [-2.5, 1.1] 0.07 [-2.7, 3.1] 0.00
AL (N = 24) AL Men (N = 12) AL Women (N = 12)
 !
66 
 
3.3.2 Daily Drinks  
For the whole AL group together, a significant relationship with DD was only 
observed for the somatosensory region (0.9% / drink), indicating larger volumes observed 
in association with more daily drinks (see Table 8). For this region, the positive 
relationship was significant for AL women alone (0.6% / drink), a connection that was 
significantly larger than the one identified for men (95% CI of B: [-0.7, 1.4]% / drink; F 
(1, 39) = 7.6, p < 0.01; see Figure 4). An interaction of DD by gender was also observed 
for the spatial ROI (F (1, 39) = 5.7, p < 0.05; see Figure 5), with the AL women again 
having a positive relationship (0.5% / year), which was not observed for AL men (95% 
CI of B: [-1.5, 1.6]% / drink). No other significant interactions were identified. For AL 
women, widespread positive associations of DD with regions of the cerebellum were 
identified: the posterior lobe (0.8% / year), vestibulocerebellum (1.9% / year), 
cerebrocerebellum (1.2% / year), along with the spatial (2.8% / year), language (1.2% / 
year), working memory (1.3% / year), executive (1.0% / year), and emotion (1.2% / year) 
ROIs. 
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Figure 4. The relationship of daily drinks to somatosensory ROI volume differs for men and women. 
Red circles indicate AL women, and blue triangles indicate AL men. The leverage plot (Sall, 1990) 
for daily drinks vs. somatosensory ROI volume, covaried for age, has been calculated separately for 
AL men and women, and overlaid. Regression lines and 95% confidence curves (dotted lines) are 
displayed. !  
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Figure 5. The relationship of daily drinks to spatial ROI volumes differs for men and women.  
Red circles indicate AL women, and blue triangles indicate AL men. The leverage plot (Sall, 1990) 
for daily drinks vs. spatial ROI volume, covaried for age, has been calculated separately for AL men 
and women, and overlaid. Regression lines and 95% confidence curves (dotted lines) are displayed. 
 
For the unconfounded subgroup, the interactions identified in the whole group 
were not statistically significant, although the relationships identified for the women were 
perhaps still more positive than those identified for the men (see Table 9). An additional 
relationship of DD with anterior lobe volumes was identified, with 2.6% smaller volumes 
per additional daily drink. None of the significant positive relationships between DD and 
volumes which were identified for the AL women alone were significant for the 
unconfounded group, but the CI of the slopes obtained for the unconfounded group did 
contain the slopes predicted for the whole group, indicating that the findings could be 
consistent, considering the lower statistical power present due to the smaller sample size.  
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Table 9A. Relationships of daily drinks (DD) to cerebellar volume for all AL participants.  
The 95% Confidence interval of the slope (B) for volumes (as a proportion of eTIV) and partial r2 as 
a function of DD are also presented for AL men and women separately. Age was included as a 
covariate for all analyses.  Effects significant at p < 0.05 are in bold. *DD by gender interaction (p < 
0.05). 
 
Table 9B. Relationships of daily drinks (DD) to cerebellar volume for unconfounded AL participants.  
The 95% Confidence interval of the slope (B) for volumes (as a proportion of eTIV) and partial r2 as 
a function of DD are also presented for AL men and women separately. Age was included as a 
covariate for all analyses.  Effects significant at p < 0.05 are in bold. 
Region 95% CI Partial r2 95% CI Partial r2 95% CI Partial r2
Total cerebellum [-0.6, 0.4] 0.00 [-0.7, 0.5] 0.01 [-0.2, 1.2] 0.10
White matter [-1.3, 0.1] 0.07 [-1.2, 0.6] 0.03 [-1.6, 0.8] 0.03
Grey matter [-0.5, 0.6] 0.00 [-0.8, 0.6] 0.00 [-0.1, 1.5] 0.16
Anterior lobe [-1.6, 0.8] 0.01 [-2.5, 0.7] 0.06 [-1.4, 2.4] 0.02
Posterior lobe [-0.4, 0.7] 0.01 [-0.7, 0.8] 0.00 [0.0, 1.7] 0.20
Vestibulocerebellum [-0.5, 1.6] 0.03 [-1.0, 1.9] 0.02 [0.5, 3.4] 0.30
Cerebrocerebellum [-0.2, 0.9] 0.04 [-0.5, 0.8] 0.01 [0.4, 2.0] 0.35
Spinocerebellum [-0.9, 0.3] 0.02 [-1.2, 0.5] 0.04 [-0.7, 1.3] 0.02
Motor [-1.1, 0.4] 0.02 [-1.6, 0.4] 0.07 [-0.9, 1.9] 0.03
Somatosensory* [0.1, 1.8] 0.11 [-0.7, 1.4] 0.02 [1.3, 4.0] 0.49
Spatial* [-0.3, 1.9] 0.03 [-1.5, 1.6] 0.00 [1.1, 4.4] 0.40
Language [-0.4, 1.3] 0.05 [-0.6, 1.7] 0.05 [0.0, 2.4] 0.21
Working memory [-0.2, 1.1] 0.05 [-0.6, 1.2] 0.02 [0.3, 2.2] 0.31
Executive [-0.3, 1.0] 0.03 [-0.5, 1.4] 0.05 [0.2, 1.9] 0.26
Emotion [-0.4, 1.3] 0.03 [-0.6, 1.8] 0.05 [0.0, 2.4] 0.20
AL (N = 44) AL Men (N = 21) AL Women (N = 23)
Region 95% CI Partial r2 95% CI Partial r2 95% CI Partial r2
Total cerebellum [-1.2, 0.5] 0.07 [-2.7, 1.0] 0.27 [-1.3, 1.2] 0.00
White matter [-1.4, 0.4] 0.09 [-3.6, 1.6] 0.22 [-1.5, 3.0] 0.10
Grey matter [-1.3, 0.6] 0.04 [-3.0, 1.5] 0.18 [-1.8, 1.4] 0.02
Anterior lobe [-5.2, -0.0] 0.26 [-12.4, 4.1] 0.33 [-6.0, 4.3] 0.03
Posterior lobe [-0.9, 0.9] 0.00 [-2.6, 2.0] 0.03 [-1.7, 1.4] 0.01
Vestibulocerebellum [-2.0, 1.1] 0.03 [-4.4, 3.0] 0.06 [-4.6, 4.7] 0.00
Cerebrocerebellum [-0.7, 1.1] 0.02 [-2.6, 2.2] 0.01 [-1.0, 2.4] 0.13
Spinocerebellum [-2.3, 0.1] 0.22 [-4.1, 1.0] 0.42 [-3.9, 0.8] 0.30
Motor [-2.5, 0.6] 0.11 [-4.1, 1.3] 0.36 [-3.3, 4.4] 0.02
Somatosensory [-1.7, 1.8] 0.00 [-5.7, 3.6] 0.09 [-2.4, 5.4] 0.13
Spatial [-1.7, 2.2] 0.01 [-7.2, 5.0] 0.06 [-3.5, 3.7] 0.00
Language [-1.4, 1.4] 0.00 [-4.1, 4.6] 0.01 [-3.6, 1.8] 0.09
Working memory [-0.5, 1.6] 0.08 [-3.1, 3.1] 0.00 [-2.0, 2.3] 0.01
Executive [-1.1, 1.1] 0.00 [-3.1, 3.1] 0.00 [-2.2, 1.6] 0.03
Emotion [-1.5, 1.2] 0.00 [-4.5, 3.9] 0.01 [-3.4, 1.8] 0.08
AL (N = 16) AL Men (N = 7) AL Women (N = 9)
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Table 9C. Relationships of daily drinks (DD) to cerebellar volume for matched AL participants.  
The 95% Confidence interval of the slope (B) for volumes (as a proportion of eTIV) and partial r2 as 
a function of DD are also presented for AL men and women separately. Age was included as a 
covariate for all analyses.  Effects significant at p < 0.05 are in bold. 
For the matched subgroup (see Table 10), no interactions were significant, but the 
relationships of DD with somatosensory and spatial ROI volumes were still likely more 
positive for women (95% CI of B for somatosensory ROI: [0.8, 4.5]; spatial ROI: [-0.3, 
2.8]) than for men (95% CI of B for somatosensory ROI: [-2.7, 3.1]; spatial ROI: [-1.4, 
2.8]). As with the total sample, DD was found to be significantly positively related to the 
somatosensory ROI volume, and several other regions were additionally found to be 
significant. For AL men and women together, spatial volumes were 2.7 % larger per daily 
drink, and vestibulocerebellum volumes were 2.4 % larger per daily drink. For AL men, 
smaller volumes of the motor ROI were associated with DD (1.6% / drink). For AL 
women, positive relationships observed in the total group were significantly reproduced 
in the matched subgroup for the vestibulocerebellum (2.4% / drink), along with the 
somatosensory (2.5% / drink), spatial (2.7% / drink), and working memory (1.3% / drink) 
ROIs. The other significant slopes observed in the total group were within the 95% CI of 
Region 95% CI Partial r2 95% CI Partial r2 95% CI Partial r2
Total cerebellum [-0.7, 0.8] 0.00 [-1.7, 0.7] 0.09 [-0.6, 1.5] 0.08
White matter [-1.7, 0.5] 0.06 [-1.8, 1.7] 0.00 [-2.2, 1.1] 0.06
Grey matter [-0.7, 1.1] 0.01 [-2.0, 0.8] 0.10 [-0.6, 1.9] 0.14
Anterior lobe [-1.2, 1.7] 0.01 [-2.9, 1.9] 0.02 [-2.1, 2.8] 0.01
Posterior lobe [-0.7, 1.3] 0.02 [-2.2, 0.9] 0.09 [-0.4, 2.1] 0.19
Vestibulocerebellum [0.1, 3.0] 0.20 [-1.6, 3.9] 0.09 [1.0, 3.7] 0.63
Cerebrocerebellum [-0.4, 1.5] 0.06 [-1.9, 0.9] 0.07 [-0.1, 2.3] 0.33
Spinocerebellum [-1.0, 1.0] 0.00 [-2.3, 0.9] 0.09 [-1.1, 1.7] 0.03
Motor [-1.3, 1.0] 0.00 [-3.2, -0.1] 0.40 [-1.2, 2.4] 0.05
Somatosensory [0.4, 3.0] 0.26 [-1.5, 2.5] 0.03 [0.7, 4.3] 0.53
Spatial [0.2, 3.3] 0.21 [-2.7, 3.1] 0.00 [0.8, 4.5] 0.54
Language [-0.5, 2.2] 0.08 [-1.4, 2.8] 0.06 [-0.3, 2.8] 0.28
Working memory [-0.3, 1.8] 0.09 [-2.0, 1.7] 0.00 [0.1, 2.6] 0.39
Executive [-0.7, 1.6] 0.04 [-2.2, 1.9] 0.00 [-0.2, 2.3] 0.30
Emotion [-0.6, 2.1] 0.06 [-1.8, 2.8] 0.03 [-0.4, 2.8] 0.25
AL (N = 24) AL Men (N = 12) AL Women (N = 12)
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B for the matched subgroup.  
3.3.3 Abstinence and Recovery 
When examining LOS over the entire period, only one region was identified to be 
significantly associated: the vestibulocerebellum (0.6% / year). No significant 
relationships were identified for AL men or AL women examined independently, and no 
significant interactions of LOS with gender were identified (see Table 8). 
 
Table 10A. Relationships of length of sobriety (LOS) to cerebellar volume for all AL participants.  
The 95% Confidence interval of the slope (B) for volumes (as a proportion of eTIV) and partial r2 as 
a function of DD are also presented for AL men and women separately. Age was included as a 
covariate for all analyses.  Effects significant at p < 0.05 are in bold. *LOS by gender interaction (p < 
0.05). 
Region 95% CI Partial r2 95% CI Partial r2 95% CI Partial r2
Total cerebellum [-0.2, 0.4] 0.02 [-1.7, 0.7] 0.03 [-0.6, 0.2] 0.07
White matter [-0.4, 0.4] 0.00 [-2.6, 1.0] 0.04 [-0.7, 0.5] 0.01
Grey matter [-0.2, 0.5] 0.02 [-1.7, 1.0] 0.02 [-0.6, 0.2] 0.06
Anterior lobe [-0.3, 1.0] 0.02 [-2.2, 4.3] 0.02 [-1.3, 0.6] 0.04
Posterior lobe [-0.2, 0.5] 0.01 [-2.1, 0.9] 0.04 [-0.7, 0.2] 0.05
Vestibulocerebellum [0.0, 1.2] 0.10 [-1.2, 4.5] 0.07 [-0.5, 1.1] 0.03
Cerebrocerebellum [-0.2, 0.5] 0.02 [-1.5, 1.2] 0.00 [-0.7, 0.3] 0.04
Spinocerebellum [-0.2, 0.6] 0.03 [-2.4, 1.0] 0.03 [-0.7, 0.3] 0.05
Motor [-0.2, 0.7] 0.04 [-2.4, 1.7] 0.01 [-0.6, 0.7] 0.00
Somatosensory [-0.4, 0.7] 0.00 [-1.8, 2.5] 0.00 [-1.1, 0.7] 0.02
Spatial [-0.7, 0.6] 0.00 [-3.9, 2.1] 0.02 [-1.5, 0.6] 0.05
Language [-0.3, 0.7] 0.02 [-3.1, 1.5] 0.03 [-0.9, 0.3] 0.05
Working memory [-0.4, 0.3] 0.00 [-2.9, 0.7] 0.08 [-0.8, 0.2] 0.08
Executive [-0.2, 0.6] 0.02 [-2.8, 1.1] 0.04 [-0.7, 0.2] 0.05
Emotion [-0.3, 0.7] 0.01 [-3.3, 1.6] 0.03 [-1.0, 0.3] 0.06
AL (N = 44) AL Men (N = 21) AL Women (N = 23)
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Table 10B. Relationships of length of sobriety (LOS) to cerebellar volume for unconfounded AL 
participants.  
The 95% Confidence interval of the slope (B) for volumes (as a proportion of eTIV) and partial r2 as 
a function of DD are also presented for AL men and women separately. Age was included as a 
covariate for all analyses.  Effects significant at p < 0.05 are in bold. 
!
Table 10C. Relationships of length of sobriety (LOS) to cerebellar volume for matched AL 
participants.  
The 95% Confidence interval of the slope (B) for volumes (as a proportion of eTIV) and partial r2 as 
a function of DD are also presented for AL men and women separately. Age was included as a 
covariate for all analyses.  Effects significant at p < 0.05 are in bold. 
For the unconfounded subgroup, the finding for the vestibulocerebellum was 
significantly reproduced (1.3% / year), and several other regions were additionally 
identified. Each year of sobriety was significantly associated with larger volumes for total 
Region 95% CI Partial r2 95% CI Partial r2 95% CI Partial r2
Total cerebellum [0.2, 0.8] 0.44 [-5.1, 6.1] 0.01 [-0.3, 0.6] 0.11
White matter [-0.4, 0.6] 0.02 [-6.6, 8.6] 0.03 [-1.2, 0.4] 0.17
Grey matter [0.2, 1.0] 0.46 [-6.1, 6.8] 0.01 [-0.3, 0.8] 0.21
Anterior lobe [-0.1, 2.7] 0.24 [-16.7, 31.6] 0.15 [-1.6, 2.3] 0.04
Posterior lobe [0.1, 0.9] 0.36 [-6.7, 5.5] 0.02 [-0.3, 0.8] 0.19
Vestibulocerebellum [0.1, 1.5] 0.30 [-10.7, 9.4] 0.01 [-0.4, 2.5] 0.33
Cerebrocerebellum [0.1, 0.9] 0.32 [-6.1, 6.4] 0.00 [-0.4, 0.9] 0.16
Spinocerebellum [0.2, 1.3] 0.40 [-8.2, 9.1] 0.01 [-0.7, 1.3] 0.08
Motor [0.2, 1.6] 0.37 [-4.1, 10.7] 0.28 [-1.2, 1.7] 0.02
Somatosensory [-0.2, 1.5] 0.16 [-14.9, 9.5] 0.09 [-1.4, 1.7] 0.01
Spatial [-0.8, 1.2] 0.01 [-20.0, 8.3] 0.25 [-1.8, 0.8] 0.12
Language* [-0.0, 1.3] 0.25 [-13.9, 2.7] 0.47 [-0.2, 1.5] 0.35
Working memory [-0.3, 0.8] 0.07 [-9.8, 5.0] 0.16 [-0.7, 0.9] 0.01
Executive [0.2, 1.1] 0.40 [-10.0, 4.6] 0.21 [0.0, 1.0] 0.52
Emotion [-0.1, 1.2] 0.22 [-13.5, 4.8] 0.30 [-0.2, 1.4] 0.34
AL (N = 16) AL Men (N = 7) AL Women (N = 9)
Region 95% CI Partial r2 95% CI Partial r2 95% CI Partial r2
Total cerebellum [-1.0, 1.1] 0.00 [-2.4, 1.1] 0.08 [-1.2, 1.6] 0.01
White matter [-1.9, 1.3] 0.01 [-3.7, 0.9] 0.18 [-2.6, 1.8] 0.02
Grey matter [-1.0, 1.3] 0.00 [-2.5, 1.6] 0.03 [-1.3, 2.1] 0.03
Anterior lobe [-1.4, 2.6] 0.02 [-4.8, 1.9] 0.09 [-0.9, 4.8] 0.21
Posterior lobe [-1.2, 1.5] 0.00 [-2.7, 2.0] 0.01 [-1.6, 2.0] 0.01
Vestibulocerebellum [0.5, 4.2] 0.26 [-3.0, 5.1] 0.04 [0.1, 4.7] 0.38
Cerebrocerebellum [-0.9, 1.7] 0.02 [-2.2, 2.0] 0.00 [-1.3, 2.4] 0.05
Spinocerebellum [-1.3, 1.3] 0.00 [-3.3, 1.3] 0.10 [-1.5, 2.2] 0.02
Motor [-1.8, 1.2] 0.01 [-4.0, 1.2] 0.14 [-2.3, 2.5] 0.00
Somatosensory [-0.7, 3.2] 0.08 [-3.0, 2.9] 0.00 [-1.5, 4.8] 0.14
Spatial [-1.3, 3.3] 0.04 [-5.5, 2.6] 0.07 [-1.5, 5.1] 0.14
Language [-1.2, 2.5] 0.02 [-3.4, 2.8] 0.00 [-1.7, 2.9] 0.03
Working memory [-1.6, 1.4] 0.00 [-3.5, 1.6] 0.07 [-2.1, 2.1] 0.00
Executive [-1.4, 1.8] 0.00 [-3.8, 1.8] 0.07 [-1.6, 2.2] 0.02
Emotion [-1.5, 2.3] 0.01 [-4.2, 2.4] 0.04 [-1.8, 2.8] 0.03
AL (N = 24) AL Men (N = 12) AL Women (N = 12)
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cerebellum (0.5% / year), grey matter (0.6% / year), posterior lobe (0.5% / year), 
cerebrocerebellum (0.5% / year), spinocerebellum (0.8% / year), along with the motor 
(0.9% / year) and executive (0.6% / year) ROI volumes. The executive ROI volume was 
significantly identified for women as well (0.5% / year), but the relationship for men was 
unclear (95% CI of B = [-10.0, 4.6]% / year). An interaction of LOS with gender for the 
language ROI was significant, indicating a more negative slope for AL men (95% CI of B 
= [-13.9, 2.7]% / year) than for AL women (95% CI of B = [-0.2, 1.5]% / year). 
As with the total group and unconfounded subgroup, the matched AL men and 
women were found to have significantly larger vestibulocerebellum volumes in 
conjunction with LOS. This finding was also significant for AL women alone. For the 
regions identified as significantly larger in conjunction with longer periods of abstinence 
in the unconfounded subgroup, those slopes were contained within the 95% CI of the 
slope for the matched subgroup, indicating that the matched subgroup could be consistent 
with the unconfounded subgroup. 
3.4 Discussion 
The measures that characterize an abstinent alcoholic individual’s drinking 
history are years of heavy drinking, frequency and amount of alcohol consumption, and 
abstinence duration. We found striking connections between DHD and cerebellar 
volumes, with declines on the order of about half a percent of volume per year of heavy 
drinking. Further, these results were in concordance with the effect sizes and statistical 
confidence intervals observed for the unconfounded and matched subgroups. The 
vestibulocerebellum (aka flocculonodular lobe) was particularly affected. This is not 
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surprising, considering the body of literature with findings of gait and balance deficits in 
association with heavy drinking (Rosenbloom et al., 2007; Sullivan, Rosenbloom, & 
Pfefferbaum, 2004). For AL men, the anterior lobe of the cerebellum was strongly 
associated with DHD, a relationship that was more negative than the one observed for 
women. If we were to take this relationship as causative, this could indicate that longer 
durations of heavy drinking are more harmful to men than to women. 
Regarding the frequency and amount of regular alcohol consumption, two regions 
were identified to be differentially impacted for men and women, although these findings 
were not consistent for the subgroups. Further, the woman who had largest volumes also 
drank far more than the other women (25.6 daily drinks), and thus may exert undue 
leverage upon the statistical model, so these results are interpreted with great caution. 
With these regions, and with the other regions examined, an unambiguous association 
with DD was not observed. If anything, larger regions were associated with heavier 
drinking, which could indicate that regional volumes represent a risk factor for drinking 
greater quantities. This direction of effect was significant for the AL women in the total 
sample, along with the matched subgroup (but not the unconfounded subgroup), but this 
effect was influenced by the presence of the outlier, such that the finding was not 
significant without that observation. Duration of abstinence was not observed to have a 
substantial impact on cerebellar volumes, with the exception of the vestibulocerebellum, 
for which we observed larger volumes in participants with the longest lengths of sobriety. 
The confidence intervals obtained data may also be taken to provide a framework 
upon which we can estimate the degree of average effects have on cerebellar 
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morphometry. For DHD, it is clear that for most regions, each year of drinking is 
associated with lower volumes, but at a rate of no more than 2% per year. For DD, our 
results indicate that (besides the anterior lobe) volumes do not decline more than 3% per 
DD, nor are they more than about 2% larger in association with each additional DD, on 
average. For LOS, lower volumes were not observed in conjunction with continued 
abstinence at a rate beyond about a half percent per year, and recovery was not indicated 
at a rate greater than 2% per year. Thus, these results support the possibility of substantial 
declines over time in association with heavy drinking, but also indicate that the 
relationship of drinking history to volume is not so extreme that it would necessarily be 
apparent upon casual observation. Further, the partial r2 values we obtained are not very 
high, indicating that there is great variability within the impact of drinking history on 
volumes, or that other factors, taken together, are much more important in determining 
regional cerebellar volumes than are these drinking history metrics.  
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CHAPTER 4.  
NEUROPSYCHOLOGICAL PERFORMANCE 
4.1 Introduction 
As described in Chapter 1, there exists a broad literature describing the effects of 
alcoholism on neuropsychological performance. However, the relationship of 
neuropsychological performance to the cerebellar volumes of regions involved in those 
functions has not been described in relation to alcoholism. 
We hypothesized that, for the NA group, larger volumes would be associated with 
better performance for the tasks utilized by those regions. However, we conceived of a 
possibility in which alcoholism related abnormalities in brain function could result in 
poor performance even in individuals with large ROIs. If we identified a significant 
relationship of performance with volume for the NA group, but the AL group had 
diminished performance that was not related to volumes, this could indicate a functional 
deficit, especially for those with larger regional volumes. A significant interaction of 
group and neuropsychological score could lend support to this idea, so interactions were 
also examined. 
4.2 Methods 
Refer to the Methods described in Chapter 1.2 and 2.2, which were the same 
except for the statistical procedures, described as follows. Group differences in 
neuropsychological scores were characterized using 95% confidence intervals of the 
mean differences obtained with the Student’s t-distribution, using Welch’s method for 
pooled standard error when sample sizes or variance between the groups were not 
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sufficiently similar. Specifically, we examined differences of AL vs. NA, and differences 
among the four groups (split by gender and AL). As with the the emphasis on the 95% 
confidence interval of the mean differences performed in Chapter 2, the CI are also 
presented in this chapter. Interactions were examined with ANOVA models of group, 
gender, and their interaction for each score separately (i.e. univariate factorial ANOVA). 
Next, we assessed the relationships between neuropsychological function and 
cerebellar morphometry. Human lesion studies examining the relationship of brain 
regions to neuropsychological scores have shown that substantial localized brain damage 
can result in lower scores on particular neuropsychological measures that utilize that 
brain region. So, to examine the relationship of neuropsychological performance to 
cerebellar brain function, we selected scores that could be expected to represent the 
domains of interest (see Table 14). All neuropsychological scores were standardized 
using the z-transform. We assessed the relationship of the neuropsychological measures 
to brain volume, for the entire sample together. This was ascertained with univariate 
multiple regression models using each standardized neuropsychological score as a 
predictor with age as a covariate, predicting each functional ROI. Next, we examined 
whether the relationship of the score with ROI volume was significantly different for the 
AL group than the NA group by using the additional predictors of group and group by 
score interaction. Slopes were divided by the mean volume of each structure so that the 
slopes would be presented on the same relative scale. Thus, the 95% CI of the slopes 
reported all represent percent change in volume per standard deviation (SD) of score. 
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4.3 Results 
4.3.1 Group differences 
 When comparing the total sample of AL vs. NA, many of the measures we 
assessed were observed to be abnormal (see Table 11). Overall, the analyses indicated 
likely widespread broad deficits of approximately a half SD. Specifically, from the WAIS 
IV, the AL group had significantly worse scores for processing speed and symbol search, 
along with visual working memory and spatial addition from the WMS IV. Three tests of 
frontal function from the D-KEFS were also significantly impaired: verbal letter fluency, 
verbal category fluency, and number sequencing (Trails A). There were four measures of 
mood observed to be significantly different for the AL group: MAACL dysphoria and 
anxiety, along with the POMS measures of anger, confusion, and tension. When 
comparing AL vs. NA for the men alone, a similar pattern of results was observed, with 
POMS fatigue additionally reaching significance, and only the verbal letter fluency, 
POMS confusion and tension maintaining significance. For the women alone, letter 
number sequencing was additionally identified as significantly impaired in the AL group, 
and processing speed, symbol search, MAACL anxiety and dysphoria were the measures 
consistently significant with the overall group.  
Two scores were identified as significantly different between the NA men and 
women: WAIS IV coding and cancellation, with women scoring better. For the AL group, 
women scored significantly higher for WAIS IV symbol span and had higher sensation 
seeking scores on the MAACL. For the unconfounded (see Table 12) and matched 
subgroups (see Table 13), the 95% CI obtained indicated that there are likely generally 
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similar levels of abnormalities to those observed for the total sample.  
 
Table 11A. Neuropsychological performance for AL and NA men and women (all). 
Mean and standard deviation (SD) are presented for AL and NA men and women separately. WAIS 
IV, Wechsler Adult Intelligence Scale, version IV; WMS IV, Wechsler Memory Scale, version IV; D-
KEFS, Delis-Kaplan Executive Function System; MAACL, Multiple Affect Adjective Check List, 
POMS, Profile of Mood States.  
Mean SD N Mean SD N Mean SD N Mean SD N
Test of Premorbid Functioning 106.9 11.4 21 104.3 14.9 23 111.0 13.0 21 111.7 11.2 18
WAIS IV Scores
Full Scale 103.4 14.7 21 104.8 17.4 23 108.9 14.9 21 110.7 12.9 18
Perceptual Reasoning Index 100.0 15.7 21 102.0 16.1 23 104.2 13.6 21 104.8 16.3 18
Processing Speed Index 97.8 12.9 21 97.8 18.8 23 108.8 14.0 21 101.0 12.1 18
Verbal Comprehension Index 109.0 12.7 21 109.4 14.7 23 110.2 15.7 21 115.1 10.7 18
Working Memory Index 102.5 12.2 21 104.3 16.3 23 105.7 16.1 21 112.3 13.8 18
Block Design 9.5 2.5 21 9.7 2.7 23 10.5 2.6 21 9.9 2.6 18
Symbol Search 9.0 2.4 21 9.9 3.5 23 11.4 2.8 21 10.3 2.6 18
Coding 10.2 2.9 21 9.3 4.0 23 11.9 2.7 21 10.2 2.5 18
Letter Number Sequencing 9.7 1.8 21 10.7 2.8 22 11.4 3.1 21 11.1 1.8 18
Figure Weights 9.3 2.8 21 11.1 3.4 22 10.9 3.1 21 10.7 3.0 18
Cancellation 9.6 2.8 21 9.0 2.6 22 11.1 2.1 21 9.4 2.1 18
WMS IV Scores
Auditory Memory Index 115.6 12.2 21 111.2 16.1 23 116.4 15.0 21 114.4 17.5 17
Delayed Memory Index 112.5 13.5 21 106.8 15.4 21 115.0 10.7 21 110.3 16.8 17
Immediate Memory Index 109.0 14.8 21 103.6 15.4 21 112.0 14.7 21 107.2 13.9 17
Visual Memory Index 102.5 14.0 21 99.6 15.0 21 106.6 12.1 21 101.3 13.5 17
Visual Working Memory Index 95.6 13.7 17 93.7 16.6 22 102.2 13.2 17 102.3 11.4 16
Spatial Addition 7.9 2.8 21 8.6 3.6 22 9.4 3.1 21 10.3 3.1 17
Symbol Span 11.1 2.9 21 9.3 2.8 23 11.4 1.9 21 10.2 1.8 17
D-KEFS Scores
Verbal letter fluency 12.1 3.1 21 11.2 4.4 22 13.8 3.4 21 13.8 3.5 18
Verbal category fluency 12.1 2.6 21 10.2 3.6 22 13.5 3.9 21 12.3 3.1 18
Trails A number sequencing 10.8 2.7 21 10.0 2.4 22 12.0 2.4 21 11.2 2.6 18
Trails letter sequencing 11.2 2.0 21 10.8 2.8 22 11.5 2.2 21 11.2 2.4 18
Trails B number-letter switching 10.4 2.9 21 9.5 2.7 22 10.9 3.2 21 10.2 3.4 18
MAACL Scores
Anxiety 53.6 17.7 21 49.0 15.7 23 41.9 6.6 21 42.8 3.4 18
Depression 53.6 16.3 21 48.7 12.7 23 48.7 16.8 21 45.7 4.2 18
Dysphoria 53.1 18.5 21 45.7 11.4 23 43.2 11.3 21 41.9 3.6 18
Hostility 48.4 10.3 21 43.6 3.4 23 45.9 8.4 21 44.2 2.7 18
Positive Affect 61.7 11.2 21 57.3 7.1 23 65.2 10.0 21 58.4 11.3 18
Sensation Seeking 53.2 7.2 21 47.3 8.1 23 50.3 8.0 21 50.2 6.6 18
POMS Scores
Anger 42.9 7.6 21 41.7 5.0 23 39.8 2.8 21 40.1 3.2 18
Confusion 41.6 10.1 21 40.7 5.5 23 37.3 6.7 21 37.7 4.0 18
Depression 38.2 6.8 21 38.4 6.9 23 35.8 4.5 21 36.3 2.0 18
Fatigue 43.0 9.4 21 46.0 7.0 23 44.5 8.5 21 41.3 4.5 18
Tension 37.5 10.0 21 37.6 5.5 23 33.4 6.2 21 34.0 3.5 18
Vigor 62.8 9.9 21 57.8 10.2 23 64.7 10.6 21 59.8 10.7 18
AL Women AL Men NA Women NA Men
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Table 11B. Neuropsychological performance for AL and NA men and women (all). 
The 95% confidence intervals of the mean differences, are presented as Cohen’s d. WAIS IV, 
Wechsler Adult Intelligence Scale, version IV; WMS IV, Wechsler Memory Scale, version IV; D-
KEFS, Delis-Kaplan Executive Function System; MAACL, Multiple Affect Adjective Check List, 
POMS, Profile of Mood States. No significant group by gender interactions were identified. Effects 
significant at p < 0.05 are in bold.  
NA - AL NA men -  AL men
NA women - 
 AL women
AL men - 
AL women
NA men - 
 NA women
95% CI 95% CI 95% CI 95% CI 95% CI
Test of Premorbid Functioning [0.0, 0.9] [-0.1, 1.2] [-0.3, 1.0] [-0.8, 0.4] [-0.6, 0.7]
WAIS IV Scores
Full Scale [-0.1, 0.8] [-0.2, 1.0] [-0.2, 1.0] [-0.5, 0.7] [-0.5, 0.8]
Perceptual Reasoning Index [-0.2, 0.7] [-0.5, 0.8] [-0.3, 0.9] [-0.5, 0.7] [-0.6, 0.7]
Processing Speed Index [0.1, 0.9] [-0.4, 0.8] [0.2, 1.4] [-0.6, 0.6] [-1.2, 0.1]
Verbal Comprehension Index [-0.2, 0.7] [-0.2, 1.0] [-0.5, 0.7] [-0.6, 0.6] [-0.3, 1.0]
Working Memory Index [-0.1, 0.8] [-0.1, 1.1] [-0.4, 0.8] [-0.5, 0.7] [-0.2, 1.1]
Block Design [-0.2, 0.7] [-0.5, 0.7] [-0.2, 1.0] [-0.5, 0.7] [-0.9, 0.4]
Symbol Search [0.1, 0.9] [-0.5, 0.7] [0.3, 1.6] [-0.3, 0.9] [-1.1, 0.2]
Coding [-0.0, 0.9] [-0.4, 0.9] [-0.0, 1.2] [-0.9, 0.3] [-1.3, -0.0]
Letter Number Sequencing [-0.0, 0.9] [-0.4, 0.8] [0.0, 1.3] [-0.2, 1.0] [-0.7, 0.5]
Figure Weights [-0.3, 0.6] [-0.8, 0.5] [-0.1, 1.1] [-0.1, 1.2] [-0.7, 0.6]
Cancellation [-0.0, 0.8] [-0.5, 0.8] [-0.0, 1.2] [-0.8, 0.4] [-1.5, -0.2]
WMS IV Scores
Auditory Memory Index [-0.3, 0.6] [-0.5, 0.9] [-0.6, 0.7] [-0.9, 0.3] [-0.8, 0.6]
Delayed Memory Index [-0.2, 0.7] [-0.5, 0.9] [-0.4, 0.8] [-1.0, 0.2] [-1.0, 0.4]
Immediate Memory Index [-0.2, 0.7] [-0.4, 0.9] [-0.4, 0.8] [-1.0, 0.3] [-1.0, 0.3]
Visual Memory Index [-0.2, 0.7] [-0.5, 0.8] [-0.3, 0.9] [-0.8, 0.4] [-1.1, 0.3]
Visual Working Memory Index [0.1, 1.0] [-0.0, 1.2] [-0.2, 1.2] [-0.8, 0.5] [-0.7, 0.7]
Spatial Addition [0.0, 0.9] [-0.2, 1.1] [-0.1, 1.1] [-0.4, 0.9] [-0.4, 1.0]
Symbol Span [-0.2, 0.7] [-0.2, 1.0] [-0.5, 0.7] [-1.2, -0.0] [-1.3, 0.1]
D-KEFS Scores
Verbal letter fluency [0.2, 1.0] [0.0, 1.3] [-0.1, 1.2] [-0.9, 0.4] [-0.6, 0.7]
Verbal category fluency [0.1, 1.0] [-0.0, 1.3] [-0.2, 1.0] [-1.2, 0.0] [-1.0, 0.3]
Trails A number sequencing [0.1, 1.0] [-0.1, 1.2] [-0.1, 1.1] [-1.0, 0.3] [-1.0, 0.3]
Trails letter sequencing [-0.3, 0.6] [-0.5, 0.8] [-0.5, 0.8] [-0.8, 0.4] [-0.8, 0.5]
Trails B number-letter switching [-0.2, 0.7] [-0.4, 0.9] [-0.5, 0.8] [-0.9, 0.3] [-0.9, 0.4]
MAACL Scores
Anxiety [-1.1, -0.3] [-1.1, 0.1] [-1.5, -0.2] [-0.9, 0.3] [-0.5, 0.8]
Depression [-0.7, 0.2] [-0.9, 0.3] [-0.9, 0.3] [-1.0, 0.3] [-0.9, 0.4]
Dysphoria [-0.9, -0.1] [-1.0, 0.1] [-1.3, -0.0] [-1.1, 0.1] [-0.8, 0.5]
Hostility [-0.5, 0.3] [-0.4, 0.8] [-0.9, 0.4] [-1.3, 0.0] [-0.9, 0.4]
Positive Affect [-0.2, 0.7] [-0.6, 0.8] [-0.3, 1.0] [-1.1, 0.2] [-1.3, 0.0]
Sensation Seeking [-0.4, 0.5] [-0.2, 1.0] [-1.0, 0.2] [-1.4, -0.2] [-0.6, 0.6]
POMS Scores
Anger [-0.9, -0.0] [-1.0, 0.2] [-1.2, 0.1] [-0.8, 0.4] [-0.5, 0.8]
Confusion [-1.0, -0.1] [-1.2, -0.0] [-1.1, 0.1] [-0.7, 0.5] [-0.6, 0.7]
Depression [-0.8, 0.0] [-1.0, 0.2] [-1.0, 0.2] [-0.6, 0.6] [-0.5, 0.8]
Fatigue [-0.6, 0.2] [-1.4, -0.2] [-0.5, 0.8] [-0.3, 1.0] [-1.1, 0.2]
Tension [-1.0, -0.1] [-1.4, -0.1] [-1.1, 0.1] [-0.6, 0.6] [-0.5, 0.7]
Vigor [-0.2, 0.7] [-0.5, 0.8] [-0.4, 0.8] [-1.1, 0.1] [-1.1, 0.2]
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Table 12A. Neuropsychological performance for AL and NA men and women (unconfounded). 
Mean and standard deviation (SD) are presented for AL and NA men and women separately. WAIS 
IV, Wechsler Adult Intelligence Scale, version IV; WMS IV, Wechsler Memory Scale, version IV; D-
KEFS, Delis-Kaplan Executive Function System; MAACL, Multiple Affect Adjective Check List, 
POMS, Profile of Mood States.  
 
Mean SD N Mean SD N Mean SD N Mean SD N
Test of Premorbid Functioning 104.6 13.7 9 112.0 10.6 7 112.1 12.9 18 111.0 10.3 15
WAIS IV Scores
Full Scale 101.0 17.4 9 109.0 18.7 7 109.9 14.4 18 109.8 11.0 15
Perceptual Reasoning Index 95.9 15.9 9 100.4 17.7 7 104.5 13.3 18 103.0 14.0 15
Processing Speed Index 94.1 13.9 9 101.7 16.7 7 110.7 13.1 18 100.2 11.0 15
Verbal Comprehension Index 108.1 16.2 9 115.9 15.1 7 110.3 16.4 18 114.4 9.7 15
Working Memory Index 103.0 13.5 9 109.7 15.4 7 107.1 15.5 18 113.3 14.0 15
Block Design 9.0 2.8 9 9.6 2.8 7 10.7 2.5 18 9.6 2.3 15
Symbol Search 8.1 2.5 9 10.9 3.2 7 11.8 2.7 18 10.1 2.4 15
Coding 9.8 2.9 9 9.7 3.0 7 12.2 2.5 18 10.0 2.4 15
Letter Number Sequencing 9.2 1.5 9 10.5 0.8 6 11.4 3.2 18 11.3 1.8 15
Figure Weights 8.4 2.9 9 11.7 3.7 6 11.1 3.2 18 10.5 2.8 15
Cancellation 9.7 3.4 9 8.8 2.3 6 11.2 2.2 18 9.3 2.2 15
WMS IV Scores
Auditory Memory Index 113.8 11.8 9 113.6 17.2 7 116.0 15.7 18 114.1 18.6 15
Delayed Memory Index 107.7 15.9 9 106.3 16.5 6 115.6 11.0 18 109.7 17.6 15
Immediate Memory Index 106.9 14.3 9 103.7 17.0 6 112.7 15.1 18 107.2 14.8 15
Visual Memory Index 98.0 16.7 9 97.5 14.6 6 108.1 11.9 18 101.1 13.4 15
Visual Working Memory Index 89.0 15.7 7 92.8 23.0 6 103.9 10.9 14 102.9 10.9 14
Spatial Addition 6.3 2.4 9 9.2 3.7 6 9.6 2.7 18 10.2 3.0 15
Symbol Span 10.2 3.6 9 9.0 4.2 7 11.6 1.9 18 10.5 1.8 15
D-KEFS Scores
Verbal letter fluency 12.8 3.7 9 13.2 2.6 6 14.3 3.2 18 13.7 3.4 15
Verbal category fluency 12.0 3.0 9 11.5 3.5 6 13.9 3.6 18 12.5 3.4 15
Trails A number sequencing 10.1 3.3 9 10.8 2.7 6 11.9 2.5 18 11.5 2.4 15
Trails letter sequencing 11.1 2.3 9 12.2 2.8 6 11.6 2.2 18 11.3 2.2 15
Trails B number-letter switching 10.7 2.6 9 10.8 2.3 6 11.2 2.3 18 10.2 3.2 15
MAACL Scores
Anxiety 49.3 12.9 9 46.9 13.1 7 40.7 4.6 18 43.4 2.8 15
Depression 49.3 12.5 9 43.0 4.5 7 44.9 7.4 18 46.4 4.1 15
Dysphoria 49.2 13.6 9 41.1 8.3 7 40.6 6.6 18 42.5 3.2 15
Hostility 48.4 8.6 9 42.3 4.2 7 44.6 6.6 18 44.4 2.6 15
Positive Affect 60.6 11.9 9 56.3 7.2 7 66.0 10.3 18 58.9 12.0 15
Sensation Seeking 54.8 7.9 9 46.3 5.9 7 50.1 8.2 18 49.9 6.9 15
POMS Scores
Anger 40.6 5.7 9 41.0 6.5 7 39.7 3.0 18 40.5 3.3 15
Confusion 41.2 9.8 9 39.4 4.8 7 35.8 5.4 18 37.9 4.4 15
Depression 36.4 4.8 9 39.6 6.2 7 35.0 2.4 18 36.4 2.1 15
Fatigue 40.0 6.3 9 42.3 5.4 7 42.8 7.1 18 41.9 4.6 15
Tension 35.4 7.2 9 38.3 7.3 7 32.1 3.1 18 34.5 3.6 15
Vigor 64.1 9.5 9 63.4 8.4 7 67.3 8.9 18 58.4 10.8 15
AL Women AL Men NA Women NA Men
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Table 12B. Neuropsychological performance for AL and NA men and women (unconfounded). 
The 95% confidence intervals of the mean differences, are presented as Cohen’s d. WAIS IV, 
Wechsler Adult Intelligence Scale, version IV; WMS IV, Wechsler Memory Scale, version IV; D-
KEFS, Delis-Kaplan Executive Function System; MAACL, Multiple Affect Adjective Check List, 
POMS, Profile of Mood States. *Group by gender interaction (p < 0.05). Effects significant at p < 0.05 
are in bold. 
NA - AL NA men -  AL men
NA women - 
 AL women
AL men - 
AL women
NA men - 
 NA women
(N = 49) (N = 22) (N = 27) (N = 16) (N = 33)
95% CI 95% CI 95% CI 95% CI 95% CI
Test of Premorbid Functioning [-0.3, 1.0] [-1.1, 0.9] [-0.3, 1.5] [-0.4, 1.6] [-0.8, 0.6]
WAIS IV Scores
Full Scale [-0.3, 1.1] [-1.2, 1.3] [-0.4, 1.5] [-0.7, 1.5] [-0.7, 0.7]
Perceptual Reasoning Index [-0.3, 1.1] [-0.9, 1.3] [-0.3, 1.5] [-0.8, 1.4] [-0.8, 0.6]
Processing Speed Index* [-0.0, 1.3] [-1.3, 1.1] [0.4, 2.1] [-0.6, 1.6] [-1.6, -0.2]
Verbal Comprehension Index [-0.6, 0.7] [-1.4, 1.1] [-0.7, 1.0] [-0.6, 1.6] [-0.4, 1.0]
Working Memory Index [-0.3, 0.9] [-0.8, 1.3] [-0.5, 1.1] [-0.6, 1.6] [-0.3, 1.1]
Block Design [-0.3, 1.0] [-1.1, 1.1] [-0.2, 1.6] [-0.9, 1.3] [-1.2, 0.2]
Symbol Search* [-0.0, 1.3] [-1.4, 0.9] [0.6, 2.2] [-0.2, 2.1] [-1.3, 0.1]
Coding [-0.1, 1.2] [-1.0, 1.2] [0.0, 1.9] [-1.1, 1.1] [-1.6, -0.2]
Letter Number Sequencing [0.2, 1.2] [-0.2, 1.3] [0.1, 1.5] [-0.0, 2.0] [-0.7, 0.6]
Figure Weights [-0.3, 1.0] [-1.6, 0.9] [0.0, 1.7] [-0.3, 2.2] [-0.9, 0.5]
Cancellation [-0.3, 1.1] [-0.9, 1.4] [-0.5, 1.6] [-1.3, 0.8] [-1.6, -0.2]
WMS IV Scores
Auditory Memory Index [-0.5, 0.7] [-0.9, 1.0] [-0.6, 0.9] [-1.2, 1.2] [-0.8, 0.6]
Delayed Memory Index [-0.3, 1.0] [-0.9, 1.2] [-0.4, 1.6] [-1.3, 1.1] [-1.2, 0.3]
Immediate Memory Index [-0.3, 0.9] [-1.0, 1.4] [-0.5, 1.2] [-1.4, 1.0] [-1.1, 0.3]
Visual Memory Index [-0.2, 1.2] [-0.9, 1.4] [-0.3, 1.7] [-1.1, 1.1] [-1.3, 0.2]
Visual Working Memory Index [0.1, 1.8] [-0.9, 2.2] [-0.0, 2.4] [-1.1, 1.5] [-0.9, 0.7]
Spatial Addition [0.1, 1.5] [-0.9, 1.6] [0.4, 2.1] [-0.4, 2.3] [-0.5, 0.9]
Symbol Span [-0.3, 1.3] [-0.9, 2.0] [-0.6, 1.7] [-1.4, 0.8] [-1.3, 0.1]
D-KEFS Scores
Verbal letter fluency [-0.3, 1.0] [-0.7, 1.1] [-0.5, 1.4] [-0.9, 1.2] [-0.9, 0.6]
Verbal category fluency [-0.2, 1.0] [-0.8, 1.4] [-0.2, 1.4] [-1.4, 1.1] [-1.1, 0.3]
Trails A number sequencing [-0.2, 1.2] [-0.9, 1.4] [-0.3, 1.6] [-0.9, 1.3] [-0.9, 0.5]
Trails letter sequencing [-0.7, 0.6] [-1.6, 0.9] [-0.7, 1.1] [-0.8, 1.7] [-0.8, 0.6]
Trails B number-letter switching [-0.6, 0.6] [-1.1, 0.7] [-0.7, 1.1] [-1.1, 1.2] [-1.1, 0.4]
MAACL Scores
Anxiety [-1.7, 0.1] [-2.1, 1.1] [-2.3, 0.2] [-1.3, 0.9] [0.0, 1.4]
Depression [-0.9, 0.6] [-0.2, 1.9] [-1.5, 0.6] [-1.6, 0.4] [-0.4, 0.9]
Dysphoria* [-1.3, 0.3] [-1.2, 1.7] [-2.1, 0.2] [-1.7, 0.3] [-0.3, 1.0]
Hostility [-0.9, 0.5] [-0.6, 1.9] [-1.5, 0.4] [-1.9, 0.1] [-0.7, 0.6]
Positive Affect [-0.2, 1.0] [-0.6, 1.0] [-0.4, 1.4] [-1.4, 0.6] [-1.4, 0.1]
Sensation Seeking [-0.8, 0.5] [-0.4, 1.5] [-1.4, 0.3] [-2.2, -0.2] [-0.7, 0.7]
POMS Scores
Anger [-0.9, 0.6] [-1.5, 1.2] [-1.3, 0.9] [-1.0, 1.2] [-0.5, 1.0]
Confusion [-1.3, 0.1] [-1.4, 0.7] [-1.9, 0.3] [-1.2, 0.8] [-0.3, 1.1]
Depression [-1.4, 0.2] [-2.3, 0.7] [-1.6, 0.7] [-0.6, 1.7] [-0.1, 1.3]
Fatigue [-0.4, 0.8] [-1.2, 1.0] [-0.4, 1.2] [-0.7, 1.4] [-0.8, 0.5]
Tension [-1.5, 0.1] [-2.1, 0.6] [-1.9, 0.5] [-0.7, 1.5] [0.0, 1.5]
Vigor [-0.6, 0.5] [-1.4, 0.4] [-0.5, 1.2] [-1.1, 1.0] [-1.6, -0.2]
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Table 13A. Neuropsychological performance for AL and NA men and women (matched). 
Mean and standard deviation (SD) are presented for AL and NA men and women separately. WAIS 
IV, Wechsler Adult Intelligence Scale, version IV; WMS IV, Wechsler Memory Scale, version IV; D-
KEFS, Delis-Kaplan Executive Function System; MAACL, Multiple Affect Adjective Check List, 
POMS, Profile of Mood States.  
Mean SD N Mean SD N Mean SD N Mean SD N
Test of Premorbid Functioning 104.3 12.8 12 103.8 13.8 12 106.3 12.8 12 109.9 9.1 12
WAIS IV Scores
Full Scale 101.1 16.2 12 107.8 16.4 12 106.4 12.3 12 108.8 9.8 12
Perceptual Reasoning Index 97.8 16.1 12 106.1 14.8 12 102.9 11.8 12 102.0 13.6 12
Processing Speed Index 96.7 15.5 12 101.5 20.3 12 110.8 11.5 12 98.9 10.6 12
Verbal Comprehension Index 107.0 14.4 12 109.2 15.1 12 106.0 15.4 12 113.8 7.7 12
Working Memory Index 101.1 12.5 12 107.1 16.3 12 102.1 13.2 12 112.7 16.3 12
Block Design 8.8 2.1 12 10.0 2.9 12 10.3 2.1 12 9.8 1.7 12
Symbol Search 8.8 2.8 12 10.3 3.8 12 11.8 2.2 12 10.0 2.5 12
Coding 10.0 3.5 12 10.3 4.5 12 12.2 2.3 12 9.7 1.9 12
Letter Number Sequencing 9.8 1.7 12 11.4 3.6 12 10.8 2.1 12 11.3 2.1 12
Figure Weights 8.5 2.9 12 12.3 2.7 12 10.9 3.4 12 9.8 2.6 12
Cancellation 9.8 3.3 12 10.3 2.1 12 11.7 2.0 12 9.7 2.1 12
WMS IV Scores
Auditory Memory Index 115.3 13.7 12 115.8 15.4 12 111.2 14.1 12 113.3 18.3 12
Delayed Memory Index 113.0 15.7 12 109.5 16.6 11 111.8 9.9 12 110.7 15.7 12
Immediate Memory Index 105.8 16.3 12 107.2 16.3 11 107.8 13.7 12 105.5 11.6 12
Visual Memory Index 100.8 16.5 12 100.3 17.1 11 105.1 13.2 12 101.4 10.7 12
Visual Working Memory Index 95.3 13.6 12 94.1 16.2 12 103.5 11.3 10 102.3 10.9 12
Spatial Addition 7.3 2.3 12 8.4 3.7 12 10.1 2.7 12 10.4 3.1 12
Symbol Span 11.1 2.7 12 9.6 2.6 12 11.1 2.1 12 10.3 1.7 12
D-KEFS Scores
Verbal letter fluency 11.5 3.3 12 11.5 3.9 12 14.0 2.9 12 14.0 3.2 12
Verbal category fluency 11.6 2.8 12 10.3 3.9 12 13.4 3.4 12 12.8 3.6 12
Trails A number sequencing 9.8 2.9 12 10.2 1.9 12 12.2 2.5 12 11.3 2.8 12
Trails letter sequencing 10.6 2.2 12 11.3 1.8 12 11.7 2.3 12 11.3 2.2 12
Trails B number-letter switching 9.8 3.5 12 10.0 2.0 12 11.3 2.7 12 10.2 3.4 12
MAACL Scores
Anxiety 51.8 20.0 12 52.0 19.4 12 42.1 3.9 12 43.3 3.1 12
Depression 51.7 13.9 12 49.5 9.3 12 46.2 6.4 12 45.3 2.7 12
Dysphoria 50.2 17.6 12 47.5 13.9 12 42.2 6.4 12 42.3 3.0 12
Hostility 46.0 6.4 12 44.2 3.3 12 46.0 8.9 12 44.8 2.2 12
Positive Affect 61.0 11.5 12 55.1 7.1 12 66.9 9.3 12 59.3 8.3 12
Sensation Seeking 50.6 5.5 12 47.6 7.7 12 51.9 9.1 12 51.3 5.8 12
POMS Scores
Anger 41.9 7.3 12 41.8 4.2 12 38.8 1.3 12 39.6 3.2 12
Confusion 38.8 7.9 12 41.5 5.4 12 35.3 4.7 12 37.0 3.8 12
Depression 37.1 7.7 12 39.8 3.8 12 34.8 1.7 12 35.8 1.0 12
Fatigue 40.8 7.7 12 46.9 7.3 12 42.0 7.1 12 41.3 5.0 12
Tension 37.1 10.5 12 37.3 5.4 12 32.0 3.2 12 34.1 3.9 12
Vigor 64.8 9.6 12 54.7 10.5 12 65.8 9.4 12 58.0 9.7 12
AL Women AL Men NA Women NA Men
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Table 13B. Neuropsychological performance for AL and NA men and women (matched). 
The 95% confidence intervals of the mean differences, are presented as Cohen’s d. WAIS IV, 
Wechsler Adult Intelligence Scale, version IV; WMS IV, Wechsler Memory Scale, version IV; D-
KEFS, Delis-Kaplan Executive Function System; MAACL, Multiple Affect Adjective Check List, 
POMS, Profile of Mood States. *Group by gender interaction (p < 0.05). Effects significant at p < 0.05 
are in bold. 
NA - AL NA men -  AL men
NA women - 
 AL women
AL men - 
AL women
NA men - 
 NA women
95% CI 95% CI 95% CI 95% CI 95% CI
Test of Premorbid Functioning [-0.2, 0.9] [-0.3, 1.4] [-0.7, 1.0] [-0.9, 0.8] [-0.5, 1.2]
WAIS IV Scores
Full Scale [-0.4, 0.8] [-0.8, 0.9] [-0.5, 1.2] [-0.4, 1.3] [-0.6, 1.1]
Perceptual Reasoning Index [-0.5, 0.6] [-1.1, 0.6] [-0.5, 1.2] [-0.3, 1.4] [-0.9, 0.8]
Processing Speed Index [-0.2, 1.0] [-1.0, 0.7] [0.2, 1.9] [-0.6, 1.1] [-1.9, -0.2]
Verbal Comprehension Index [-0.4, 0.7] [-0.5, 1.2] [-0.9, 0.8] [-0.7, 1.0] [-0.2, 1.5]
Working Memory Index [-0.4, 0.8] [-0.5, 1.2] [-0.8, 0.9] [-0.4, 1.3] [-0.1, 1.6]
Block Design [-0.3, 0.9] [-1.0, 0.8] [-0.1, 1.6] [-0.4, 1.3] [-1.1, 0.6]
Symbol Search* [-0.1, 1.0] [-1.0, 0.8] [0.4, 2.1] [-0.4, 1.3] [-1.6, 0.1]
Coding [-0.3, 0.8] [-1.0, 0.7] [-0.1, 1.6] [-0.8, 0.9] [-2.0, -0.3]
Letter Number Sequencing [-0.4, 0.7] [-0.9, 0.8] [-0.4, 1.3] [-0.3, 1.4] [-0.6, 1.1]
Figure Weights* [-0.6, 0.6] [-1.8, -0.1] [-0.1, 1.6] [0.5, 2.2] [-1.2, 0.5]
Cancellation [-0.3, 0.8] [-1.2, 0.5] [-0.2, 1.6] [-0.6, 1.1] [-1.8, -0.1]
WMS IV Scores
Auditory Memory Index [-0.8, 0.4] [-1.0, 0.7] [-1.1, 0.5] [-0.8, 0.9] [-0.7, 1.0]
Delayed Memory Index [-0.6, 0.6] [-0.8, 0.9] [-1.0, 0.8] [-1.1, 0.7] [-0.9, 0.8]
Immediate Memory Index [-0.6, 0.6] [-1.0, 0.8] [-0.7, 1.0] [-0.8, 1.0] [-1.0, 0.7]
Visual Memory Index [-0.4, 0.8] [-0.8, 1.0] [-0.6, 1.1] [-0.9, 0.8] [-1.2, 0.5]
Visual Working Memory Index [0.0, 1.2] [-0.3, 1.4] [-0.2, 1.5] [-0.9, 0.8] [-1.0, 0.8]
Spatial Addition [0.2, 1.4] [-0.3, 1.4] [0.2, 1.9] [-0.5, 1.2] [-0.7, 1.0]
Symbol Span [-0.4, 0.7] [-0.5, 1.2] [-0.9, 0.9] [-1.4, 0.3] [-1.2, 0.4]
D-KEFS Scores
Verbal letter fluency [0.2, 1.3] [-0.1, 1.6] [-0.1, 1.6] [-0.8, 0.8] [-0.8, 0.8]
Verbal category fluency [0.1, 1.2] [-0.2, 1.5] [-0.3, 1.4] [-1.2, 0.5] [-1.0, 0.7]
Trails A number sequencing [0.1, 1.3] [-0.4, 1.3] [0.0, 1.7] [-0.7, 1.0] [-1.2, 0.5]
Trails letter sequencing [-0.3, 0.9] [-0.8, 0.9] [-0.4, 1.3] [-0.5, 1.2] [-1.0, 0.7]
Trails B number-letter switching [-0.3, 0.9] [-0.8, 0.9] [-0.3, 1.4] [-0.8, 0.9] [-1.2, 0.5]
MAACL Scores
Anxiety [-1.3, -0.1] [-1.5, 0.3] [-1.6, 0.2] [-0.8, 0.9] [-0.5, 1.2]
Depression [-1.1, 0.0] [-1.5, 0.3] [-1.4, 0.4] [-1.0, 0.7] [-1.0, 0.7]
Dysphoria [-1.2, 0.0] [-1.4, 0.4] [-1.5, 0.3] [-1.0, 0.7] [-0.9, 0.9]
Hostility [-0.5, 0.6] [-0.6, 1.1] [-0.9, 0.9] [-1.2, 0.5] [-1.1, 0.7]
Positive Affect [-0.1, 1.1] [-0.3, 1.4] [-0.3, 1.4] [-1.5, 0.2] [-1.7, -0.0]
Sensation Seeking [-0.2, 0.9] [-0.3, 1.4] [-0.7, 1.0] [-1.3, 0.4] [-0.9, 0.8]
POMS Scores
Anger [-1.2, -0.0] [-1.4, 0.3] [-1.5, 0.3] [-0.9, 0.8] [-0.6, 1.2]
Confusion [-1.3, -0.1] [-1.8, -0.1] [-1.4, 0.3] [-0.5, 1.2] [-0.4, 1.3]
Depression [-1.3, -0.1] [-2.3, -0.5] [-1.3, 0.5] [-0.4, 1.3] [-0.1, 1.6]
Fatigue [-0.9, 0.3] [-1.8, -0.1] [-0.7, 1.0] [-0.0, 1.7] [-1.0, 0.7]
Tension [-1.2, -0.1] [-1.5, 0.2] [-1.5, 0.2] [-0.8, 0.9] [-0.3, 1.4]
Vigor [-0.4, 0.8] [-0.5, 1.2] [-0.7, 1.0] [-1.8, -0.2] [-1.7, 0.0]
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4.3.2 Relationships with Cerebellar Morphometry 
No unambiguous relationships between functional cerebellar volumes and 
neuropsychological scores were identified, with the potential exception of one significant 
finding. Better scores on D-KEFS verbal letter fluency (FAS test) were significantly 
inversely related to the executive function ROI, with each additional SD of performance 
representing a 3.0% decline in volumes (see Table 14). In other words, better 
performance was associated with smaller volumes in this region. 
One significant group interaction with a neuropsychological score was identified, 
for the MAACL positive affect scores F (1,78) = 4.1, p < 0.05; see Figure 6). In this case, 
the AL group had a significantly more positive relationship between volume of the 
emotion ROI and positive affect (5.7% per SD of performance) than did the NA group 
(95% CI of B: [-6.4, 2.8]% per SD of performance). 
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Table 14. Relationships of neuropsychological performance with functional ROIs.  
The 95% confidence interval of the slope (B), presented as z-transformed standardized scores, for 
functional ROI volumes (as a proportion of eTIV). Thus, units are in percent volume / score SD. Age 
was included as a covariate for all analyses. *Group by score interaction (p < 0.05). Effects significant 
at p < 0.05 are in bold. 
  
All AL NA
Region of Interest Score 95% CI 95% CI 95% CI
Motor DKEFS Trails (A) number sequencing [-5.8, 0.4] [-7.5, 0.4] [-7.9, 3.6]
Spatial WAIS IV Block Design [-5.2, 3.0] [-11.2, 1.2] [-3.2, 7.5]
WMS IV Spatial Addition [-6.0, 2.3] [-10.3, 2.7] [-6.6, 4.7]
WMS IV Symbol Span [-3.4, 4.9] [-6.8, 4.2] [-2.0, 12.3]
Language Test of Premorbid Functioning [-2.9, 4.0] [-6.4, 3.0] [-2.5, 8.7]
WAIS IV Verbal Comprehension Index [-3.6, 3.1] [-7.5, 1.9] [-2.8, 7.4]
WMS IV Auditory Memory Index [-3.3, 3.5] [-5.9, 4.1] [-4.1, 5.9]
DKEFS Verbal letter fluency [-5.4, 1.5] [-8.3, 1.1] [-6.6, 5.1]
DKEFS Verbal category fluency [-5.0, 1.9] [-6.5, 4.0] [-7.6, 2.6]
Working Memory WAIS IV Working Memory Index [-4.0, 1.3] [-6.0, 1.5] [-5.2, 3.1]
WMS IV Visual Working Memory Index [-3.2, 2.4] [-4.9, 2.4] [-5.1, 5.5]
Executive WAIS IV Processing Speed Index [-4.3, 1.1] [-6.4, 0.6] [-5.6, 4.2]
DKEFS Verbal letter fluency [-5.7, -0.3] [-7.4, -0.3] [-7.8, 1.7]
DKEFS Verbal category fluency [-5.2, 0.1] [-5.9, 2.1] [-7.9, 0.1]
DKEFS Trails (B) number-letter switching [-2.6, 2.8] [-4.7, 3.4] [-3.4, 4.4]
Emotion MAACL Anxiety [-1.1, 5.6] [-1.3, 6.5] [-9.2, 17.5]
MAACL Depression [-1.3, 5.5] [-1.9, 7.3] [-4.2, 6.9]
MAACL Dysphoria [-0.9, 5.8] [-0.9, 7.2] [-6.4, 9.1]
MAACL Hostility [-3.3, 3.5] [-3.0, 6.0] [-7.7, 3.5]
MAACL Positive Affect* [-2.1, 4.6] [0.4, 11.0] [-6.4, 2.8]
MAACL Sensation Seeking [-2.1, 4.6] [-1.8, 7.3] [-6.0, 4.6]
POMS Anger [-2.7, 4.1] [-2.6, 5.4] [-10.9, 6.5]
POMS Confusion [-2.5, 4.3] [-4.0, 4.8] [-3.8, 9.2]
POMS Depression [-2.7, 4.1] [-2.6, 5.5] [-9.6, 6.3]
POMS Fatigue [-2.2, 4.5] [-5.3, 3.8] [-0.9, 9.9]
POMS Tension [-2.0, 4.9] [-3.1, 5.6] [-4.1, 10.8]
POMS Vigor [-4.1, 2.9] [-5.7, 4.6] [-6.1, 4.3]
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Figure 6. The relationship of MAACL positive affect to emotion ROI volumes differs for AL and NA. 
Orange hollow triangles and circles represent AL men and women, while green solid triangles and 
circles indicate NA men and women. The leverage plot (Sall, 1990) for MAACL positive affect vs. 
emotion ROI volume, covaried for age, has been calculated separately for AL and NA, and overlaid. 
Regression lines and 95% confidence curves (dotted lines) are displayed. 
4.4 Discussion 
Overall, it is likely that the AL group had broadly worse neuropsychological 
scores, at approximately a half SD. This would indicate that the average alcoholic scores 
are at about the 33rd percentile of the nonalcoholic population. However, this finding is 
not unambiguously supported by this research, because the CI we obtained indicates that 
the possibility that AL actually have better scores than NA cannot be ruled out with over 
95% confidence. What can be determined is the level to which average effects may exist 
in relation to alcoholism. The results we obtained demonstrated that chronic alcoholics 
who have long been abstinent do not generally have reductions beyond one SD below the 
mean obtained for nonalcoholics. This would put the average alcoholic above the 16th 
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percentile, at a minimum. On the other hand, our results also indicate that alcoholics 
could have, on average, superior performance on most scores of up to about a half SD, 
corresponding to the 67th percentile, at maximum. Regardless, these results indicate that 
the variability between individuals is much larger than the effect of alcoholism. 
We examined the relationship of neuropsychological performance to regional 
cerebellar volumes, but did not find strong results. When examining all participants 
together, only the verbal letter fluency test (FAS) was significantly related to volumes, 
and that result was in a surprising direction, indicating stronger performance in 
association with smaller volumes. While this finding would be very interesting if it were 
replicated, we do not expect that to occur. 
We hypothesized that neuropsychological scores may be correlated with 
corresponding volumes in controls, but not alcoholics, which could point to functional 
abnormalities. However, we did not find any interactions indicating this was the case. 
Instead, we found one puzzling interaction whereby the AL group had significantly larger 
volumes for the emotion ROI in conjunction with higher MAACL positive affect scores, 
a relationship which was significantly higher than that observed for the NA group. While 
we believe this finding should be replicated before it is seriously considered, perhaps it 
could point to a situation whereby larger volumes in this region exert more influence on 
other structures in the brain to raise feelings of well-being, but it does not have that 
influence in NA. In this way, this finding would point to a structure-function abnormality 
that presents a risk factor for alcoholism. 
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CHAPTER 5.  
SUMMARY 
In this chapter, we summarize and integrate the findings presented in Chapters 2, 
3, and 4. First, we present a Discussion that covers the results regarding the relationship 
of alcoholism and gender to cerebellar morphometry, followed by a recapitulation of the 
nuances that drinking history provides. We also incorporate consideration of the role 
neuropsychological performance plays in these relationships. 
Next, we present the Limitations that should be taken into account when 
interpreting these results. With that in mind, we present the Conclusions derived from 
this work. Finally, we suggest the Future Directions that this project supports. 
5.1 Discussion 
 We observed widespread cerebellar volume abnormalities in relation to drinking 
history, especially a reduction in association with the number of years drinking heavily. 
Although this study was cross-sectional (not longitudinal), were we to assume causality 
these reductions could be interpreted as a volume loss at a rate of about half a percent to 
one percent per year of heavy drinking. At a commonly observed duration of heavy 
drinking of about a decade, this would indicate a volume loss of around 5 or 10 percent, 
consistent with our observations at the group level. However, this relationship was 
counteracted by the relationships we observed for one of the other two drinking 
measures: daily drinks. DD was not found to be consistently related to volumes for AL 
men and women together (although our statistical power could not rule out the possibility 
of a relationship existing at a level below about 1% / daily drink). However, for the 
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women alone, we did identify several regions of the cerebellum to be positively related to 
daily drinks, though this may have been due to outliers in the data.  
The positive relationship between DD and volumes is a puzzling finding, because 
heavier drinking would not usually be presumed to be associated with cerebellar growth. 
At least two interpretations are possible in this scenario. Perhaps tissue growth has 
occurred in a pathological form, or higher daily intake of ethanol has somehow 
stimulated tissue growth. More likely, the larger volumes are associated with risk factors 
that preceded the onset of heavy drinking. In this case, individuals with larger volumes in 
these regions would be predisposed to drink more each day. The regions indicated by our 
analyses were widespread, including the functional ROIs we outlined, as well as the 
posterior lobe as a whole, the vestibulocerebellum, and cerebrocerebellum. Therefore, the 
cognitive functions associated with the regions we found could be examined in relation to 
psychological risk factors such as impulsivity. A positive association between DD and 
volume was not unequivocally demonstrated for the cerebellar white matter nor for the 
anterior lobe. 
 While white matter deficits were not observed to be consistently associated with 
drinking history, we did observe substantially lower volumes in the AL group than the 
NA group. This finding extends prior work in this lab (Ruiz et al., 2013) that highlighted 
cerebral white matter volume reductions in association with chronic alcoholism. 
 We did not identify a pattern of recovery in conjunction with abstinence. The 
confidence intervals obtained by our study indicate that recovery could indeed occur up 
to a rate of about 0.75% per year, or continued losses could occur after cessation of 
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drinking, up to a rate of about 0.25% per year (above and beyond aging, which we 
accounted for). For one region, the vestibulocerebellum, length of sobriety was found to 
be significantly related to larger volumes, indicating the potential for recovery in this 
region. This finding is supported by other research concerning behavioral functions 
subserved by this region, such as gait and balance (Rosenbloom et al., 2007; Sullivan et 
al., 2004). 
These findings have not only fortified prior research that has examined cerebellar 
abnormalities in alcoholism, but has also extended it to describe relationships between 
alcoholism and more finely specified functionally defined regional volumes within the 
cerebellum. Further, the use of manual cerebellar parcellation provided specificity for 
distinguishing the effects of chronic alcohol abuse on different cerebellar subregions. The 
quantitative approach to drinking history taken in this project has provided a more 
concrete benchmark to judge the impact each additional drink or year drinking has on the 
brain, a finding that could have intuitive impact upon the public.  
Finally, we closely examined gender with a sufficiently powered sample size to 
provide a nuanced explanation of its conjunction with drinking history. This way, we 
could distinguish the pattern of abnormalities observed in men from those observed in 
women. Results quantifying drinking history and the impact of gender are of immediate 
utility for translational research in alcoholism. The ability to tailor treatment programs to 
individuals based upon their medical history and neuropsychological characteristics is a 
topic of heavy investigation, and this project could be utilized to provide a framework 
upon which to base further translational research. 
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5.2 Limitations 
We recruited a random sample of participants from the Boston area. We did not 
selectively recruit our AL subjects from families with a high prevalence of alcoholism, 
and the volumetric abnormalities we observed may be better defined in alcoholics by 
separating those with clear positive family history from those without. However, by 
recruiting randomly, our sample is more representative of the general population, and 
provides ecological validity in place of specificity with regard to family history.  
Since our aim was narrowly characterizing a priori relationships, not exploring all 
64 parcellation units derived from manual labeling, we did not apply multiple comparison 
corrections. However, this targeted approach also could have caused us to miss isolated 
effects in smaller regions of the cerebellum that would have been identified by analyzing 
all regions, thus inflating Type II error. The effect sizes we observed were modest, and 
while the results we obtained were congruous across regions, only a few regions were 
consistent enough to reach statistical significance. However, we chose neuroanatomically 
specific and highly reliable regional parcellation methods over other more automated 
methods, in order to assess specific morphometry of cerebellar regions a priori. There are 
advantages and disadvantages of the methods employed in the present study compared 
with more automated methods such as voxel-based morphometry (Devlin & Poldrack, 
2007). Voxel-based morphometry is not well-suited to testing hypotheses regarding an a 
priori, specifically defined, extensive neuroanatomical network related to particular 
functions. Further, the spatial normalization utilized in voxel-based morphometry may 
misattribute peak areas of atrophy to neighboring regions (K. M. Kennedy et al., 2009). 
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Automated methods may be useful in studies where precision is not paramount and 
qualified personnel for manual parcellation are not available to contribute the substantial 
time involved, but the methods employed in this project are the gold-standard for 
accurate delineation of cerebellar features. 
This study utilized a cross-sectional approach. This prevented us from 
determining whether the relationships we observed predated the onset of heavy drinking 
(and thus could be considered risk factors) or were consequences of heavy drinking. It 
would be prohibitively expensive to enroll a sample large enough to include even 50 
alcoholic participants (a rough estimate, at a rate of 1% of those enrolled would mean 
enrolling over 5,000 participants with MRI scans) and the project would have to span 
decades. Such a longitudinal study is also difficult because changing MRI scanner 
technology results in differing image qualities, making direct comparisons difficult. 
However, longitudinal studies of alcoholics in abstinence periods are possible, and this 
approach would also allow investigation of the factors associated with relapse. 
This study utilized linear modeling for all the analyses. This approach has the 
advantage of simplicity, robustness and clear interpretation, but may not most precisely 
match the underlying effects which we modeled. For example, it is likely that the 
relationship between age and volume is not linear, where the slope for the oldest 
participants may be steeper than the slope for the rest of the sample. However, we believe 
that the utility and clear conclusions that can be drawn from linear modeling outweigh the 
incremental precision gained with polynomial or other more complex models. 
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5.3 Conclusions 
Abstinent long-term chronic alcoholics have a complex pattern of 
neuropsychological abnormalities, including those in brain function and structure, along 
with deficits in behavioral performance and mood. Overall, our findings indicate that the 
structure of the cerebellum is altered in alcoholism, and that, in some cases, this pattern 
may differ for men and women. In this dissertation, we noted smaller cerebellar white 
matter volume in AL than NA, and that those who drank longer had smaller volumes in 
several cortical regions. For these findings, it should be noted that the vast majority of the 
variability in volumes was not related to alcoholism or to neuropsychological 
performance. Instead, it was related to unexamined and idiosyncratic individual factors 
(error variance). For the functional ROIs we investigated, alcoholics as a whole were 
observed to not have an average deficit beyond 10%, as compared to nonalcoholics. 
Likewise, each year drinking did not have an average impact of more than 2% lower 
volume per year of heavy drinking. The amount and frequency of drinking was not 
strongly correlated with volumes, and our data indicated that a relationship in excess of 
2% smaller (or larger) volumes with each daily drink would not be expected, on average. 
We did not observe a consistent pattern of larger tissues in conjunction with longer 
periods of abstinence, with limits on the average relationship derived at less than 1 % 
recovery per year and 0.5 % decline per year, with the exception of the 
vestibulocerebellum. 
As an aside, we identified a widespread pattern of larger cerebellar volumes (as a 
proportion of cranial size) for women than for men, which was significant for the AL 
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group (although similar, but not quite significant, effects were observed for the NA 
group).  
 The conclusion that the cerebellum is abnormal in alcoholism and is related to 
drinking history and neuropsychological function could be interpreted two ways. Either 
the neuropsychological condition (perhaps due to genetic factors) observed predisposes 
individuals to drink, or chronic alcoholism causes cerebellar tissue atrophy. 
5.4 Future Directions 
The aims of this research project were targeted to find particular regions of the 
cerebellum abnormal in relation to alcoholism. An extension of this project would be to 
include more areas of the brain, and examine how volumes relate to each other. A further 
expansion would be to quantitatively integrate diffusion and functional imaging in order 
to examine how the connectivity and function of whole networks are perturbed in 
association with drinking history, neuropsychological performance, and neuropsychiatric 
history simultaneously. In this way, we could compare multimodal factors to each other 
in terms of which ones are most strongly linked to alcoholism and gender. This approach, 
combined with a larger sample, could also support the identification of how individual 
differences are associated with brain function and neuropsychological performance. 
Finally, these factors could be examined for their association with clinically relevant 
measures of drinking motivation, the techniques utilized to quit drinking, and relapse 
rates. One goal of this research is to provide information that could form a basis for 
translational research. In order to do that, we must link the measures we investigate with 
those that could be more efficiently obtained by clinicians. Generally, this information 
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includes personal characteristics like gender, along with medical history and quickly 
obtainable scores from neuropsychological assessment. However, as a basis for further 
research, this dissertation has contributed novel and nuanced detail to a substantial body 
of knowledge concerning the neuropsychological deficits in alcoholism. 
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